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D IPO LA R ASSOCIATION AND HYDRATION OF N -M E T H Y L -2 -  
PY R R O L ID O N E  IN SOME NON-HYDROXYLIG SOLVENTS
C H A P T E R  I 
INTRODUCTION
The H y d ro g en  Bonding of L a c ta m s  and  A m id es  
A "h y d ro g en  bond" is  the  t e r m  ap p l ie d  to d e s c r ib e  the  i n t e r a c ­
tion  be tw een  an a c c e p te r  group, A -H , ac t in g  a s  L e w is  .acid, and  a donor 
a to m  o r  g ro u p  B ac tin g  a s  a L e w is  b a s e .  A c c e p to r  g ro u p s  a r e  ty p ic a l ly  
any  la b i le  h y d ro g e n  bound to an  e le c t ro n e g a t iv e  a to m  such  a s ,  n i tro g en , 
oxygen, o r  ha logen , a lthough o th e r  fu n c tio n a l  g ro u p s  a r e  known, e. g. 
a c e ty le n ic  h y d ro g e n s .  Donor a to m s  a r e  a lm o s t  e x c lu s iv e ly  n i t r o g e n  
and  oxygen. E n e rg e t ic a l ly ,  h y d ro g e n  bonds a r e  m u c h  w e a k e r  than  ionic  
and  co v a len t  bonds, n o r m a l ly  fa l l in g  in  the  ra n g e  -3 to -10 k c a l / m o le  
p e r  bond. H ow ever , an  en thalpy  change  of th is  o r d e r  of m a g n i tu d e . is  
n o t  un ique  to h y d ro g e n  bonding p h en o m en a . F o r  ex am p le ,  th e  a s s o c i a ­
tion  of io d in e  w ith  N, N - d im e th y la c  e t a m ide in  c a rb o n  t e t r a c h l o r id e  h a s  a 
change  of en tha lpy  of -5 .1  k c a l /m o le .  G en e ra l ly ,  the  w o rk in g  defin it ion  
of a h y d ro g e n  bond p ro p o s e d  by G. C. P im en te l^  h a s  been  found s a t i s f a c ­
to ry :  "A h y d ro g e n  bond e x is t s  b e tw ee n  a func tiona l g roup  A -H  and  an
1
a to m  o r  g roup  of a to m s  B in  th e  s a m e  o r  d i f f e r e n t  m o le c u le s  w hen (a) 
th e r e  i s  ev id en ce  of bond  fo rm a t io n  and  (b) when th e r e  i s  e v id en ce  th a t  
th is  new bond link ing  -A -H  an d  B sp e c i f ic a l ly  in v o lv es  the  h y d ro g e n  a to m s  
a l r e a d y  bonded to  A. "
W hile  p a r t  a) m a y  be  s a t i s f i e d  in  m a n y  w ays, p a r t  b) i s  p r e s e n t l y  
o n ly  s a t i s f i e d  by s p e c t r o s c o p ic  m e th o d s .  D i r e c t  ev id en ce  fo r  the  p a r t i c ­
ip a t io n  of th e  h y d ro g e n  in  th e  bond i s  o b ta in e d  w hen a new A -H  s t r e t c h ­
ing  band  is  o b s e r v e d  a t  lo w e r  f r e q u e n c ie s  th an  th e  n o n -b o n d e d  v ib ra t io n  
an d  the  new band  i s  b ro a d e n e d .
I t  i s  w e ll  e s ta b l i s h e d  th a t  p r i m a r y  and  s e c o n d a ry  a m id e s  and  
s e c o n d a ry  l a c t a m s  a r e  both  a c c e p to r s  and  d o n o rs  in  the  h y d ro g e n  b o n d ­
ing s e n s e .  The s e l f - a s s o c i a t io n  of a m id e s  h a s  b een  e x te n s iv e ly  s tu d ied  
in  a  v a r i e ty  of so lv en ts  an d  by a v a r i e ty  of m e th o d s  (se e  r e f e r e n c e  1 fo r  
w o rk  p r i o r  to 1957 an d  r e f e r e n c e s  2 and  3 fo r  w o rk  up to the  p r e s e n t ) .
I t  i s  g e n e ra l ly  r e c o g n iz e d  th a t  l a c t a m s ,  w h ich  e x is t  in  the  c i s -  c o n f ig u ­
r a t io n  (N-H h y d ro g en  on the  s a m e  s ide  of the  N -C  bond a s  th e  c a rb o n y l  
oxygen) fo rm  c y c lic  d im e r s  w h ile  s e c o n d a ry  a m id e s  ( t r a n s -  co n f ig u ra t io n )  
f o r m  p re d o m in a te ly  ch a in  pol^m aers. R ecen tly ,  F r u w e r t ,  D o m b ro w sk i
4
and  G e i s e le r  h a v e  shown th a t  the  p r i m a r y  a m id e s ,  a c e ta m id e ,  p r o p r o ­
a m id e  and  b u tro a m id e  a p p a r e n t ly  fo rm  only  c y c l ic  d im e r s  up to 0. 05 M 
in  c a rb o n  t e t r a c h l o r id e  and  h a v e  an a s s o c ia t i o n  en tha lpy  of -6 . 5 to -6 . 7 
k c a l / m o l e  p e r  h y d ro g e n  bond.
In  th e  p a s t  few y e a r s  th e r e  h a s  been  in c r e a s i n g  i n t e r e s t  in  th e
h e t e r o - a s s o c ia t io n  of a m id e s  w ith  v a r io u s  a c c e p to r  g ro u p s .  T ak ah ash i  
5
and L i in v e s t ig a te d  the  a s s o c ia t io n  of the  t -b u ty la m in e  an d  a n il in e  with 
N -m  e thy la  c e tam i de and N, N -d im e th y la c e ta m id e  in  c h lo ro fo r m  so lu tion  
by n u c le a r  m a g n e t ic  r e s o n a n c e  s p e c tro s c o p y .  T aking  in to  acco u n t the  
a s s o c ia t io n  of CHCI3 w ith  the  donor m o le c u le s ,  i t  w as  found th a t  an il ine  
is  a  s l ig h t ly  b e t t e r  a c c e p to r  than  t -b u ty la m in e  and th a t  N, N -d im  e th y l- 
a c e ta m id e  i s  a b e t t e r  donor th an  N -m e th y la c e ta m id e .  A p p a ren t ly  the  
a u th o rs  did n o t  c o n s id e r  the  a s s o c ia t io n  be tw een  th e  N -H  h y d ro g e n  of 
N -m e th y la c e ta m id e  and the  lone  e le c t ro n  pair, of n i t r o g e n  to  be  s ig n if i ­
cant.
E a r l i e r  the  s a m e  in v e s t ig a to r s  h a d  s tu d ied  the  a s s o c ia t io n  of 
2 -p ro p a n o l  w ith  N -m e th y l -  and  N, N -d im e th y la c e ta m id e  in  c a rb o n  t e t r a ­
c h lo r id e .  B y  ad ju s t in g  th e  c o n c e n tra t io n s  of the  a lco h o l so th a t  i t s  s e l f ­
a s s o c ia t io n  w as  neg lig ib le ,  a 1:1 a s s o c ia t io n  c o n s ta n t  of 5. 02 (m o le /  
l i t e r )   ̂ a t  2 4 ° C and  a AH = -4 .1  k c a l / m o le  w e re  found w ith  N -m e th y -  
a c e ta m id e  and  K = 2. 56 ( m o l e / l i t e r )   ̂ a t  29°C  and a  AH = -2 . 4 k c a l /  
m o le  fo r  th e  d im e th y l  d e r iv a t iv e .  In th is  c a s e  the  N, N -d im e th y la c t -  
am id e  a p p e a r s  to be a p o o r e r  donor to w a rd  a lco h o ls  than  N - m e th y la c e t -  
am ide , j u s t  th e  o p p o s i te  o r d e r  found fo r  a m in e s .
T h is  d i f f e re n c e  in  donor p r o p e r t i e s  of the  s a m e  g ro u p  to w a rd  
d i f f e re n t  a c c e p to r s  i l l u s t r a t e s  a  v e ry  im p o r ta n t  p o in t in  h y d ro g en  b o n d ­
ing s tu d ie s :  th a t  is ,  i f  the h y d ro g e n  bonding p r o p e r t i e s  (b a s ic i t ie s )  of 
v a r io u s  fun c tio n a l  g ro u p s  a r e  to be m ean in g fu lly  d e te rm in e d ,  they  m u s t
be  a llow ed  to i n t e r a c t  w ith  the s a m e  a c c e p to r  g ro u p  (A-H). R ecen t  r e ­
s e a r c h  f r o m  th is  l a b o r a to r y  h a s  invo lved  the  u s e  of w a te r ,  the  p r im e  
ex am p le  of a h y d ro g en  bonding  m o lecu le ,  a s  th e  com m on  A -H group .
In  connec tion  w ith  th is  s tudy  s e v e r a l  s e n s i t iv e  c o l l ig a t iv e  and s p e c t r o -
7 8sco p ic  te ch n iq u es  h av e  b een  developed . ’
A f te r  th e  in i t i a l  d e c is io n  h a d  b een  m a d e  to s tudy  the  h e t e r o ­
a s s o c ia t io n  be tw een  w a te r  and  a m id e s ,  N - m e th y l - 2 -p y r ro l id o n e  (NMP), 
a  la c ta m ,  w as ch o sen  fo r  s e v e r a l  r e a so n s :
1) f i v e - m e m b e r e d  h e te r o c y c l ic  r in g s  co m m o n ly  o c c u r  in b io lo g ­
ic a l ly  im p o r ta n t  m o le c u le s ,  such  a s  d eo x y rib o n u c le ic  a c id  
(DNA), w hich  co n ta in s  both d e o x y r ib o s e  and  p u r in e  b a se s ,  
and  p ro te in s ,  such  a s  beef  oxytocin, w hich  con ta in s  the  2- 
p y r r o l id o n e  r e s id u e  in  i t s  pep tid e  chain ,
2) N - m e th y l - 2 - p y r r o l id o n e  i s  r e a d i ly  a v a i la b le  c o m m e r c ia l ly  
a t  m o d e r a te  c o s t  ($ l l /k i lo g ra m ) ,
3) i t  i s  r e a s o n a b ly  e a s i ly  p u r if ied ,
4) i t  can  be  k ep t  s ta b le  fo r  long p e r io d s  in  the  a b se n c e  of oxygen,
5) N -m  ethyl - 2 -p y  r  r  o li done i s  quite  so lu b le  in  the  com m on  o r ­
gan ic  so lv en ts ,  and
6) s in ce  th is  com pound  does n o t  con ta in  an  a c id ic  h y d ro g en  (N- 
H), s e l f - a s s o c i a t io n  by h y d ro g en  bonding w ould  n o t  c o m p l i ­
c a te  the  e q u i l ib r ia  in  so lu tion .
As im p l ie d  in  r e a s o n  1) the  h y d ra t io n  of N M P w as  ch o sen  a s  a
m o d e l  fo r  the  h y d ra t io n  of a  p e p tid e  bond. The im p o r ta n c e  of h y d ra t io n  
in  the  s tudy  of the  b e h av io r  and s t r u c t u r e  of p ro te in s  can  h a r d ly  be o v e r ­
e m p h a s iz e d .  Due to the  l im i te d  so lu b il i ty  of p ro te in  m o le c u le s  in  o rg a n ic  
so lven ts ,  m o s t  s tu d ie s  of p ro te in s  invo lve  the  u s e  of aq u eo u s  so lu t io n s .  
F o r  exam ple , th e  a p p ro x im a te  s iz e  and shape  of p ro te in  m o le c u le s  in  
so lu tion  a r e  f r e q u e n t ly  in f e r r e d  f r o m  f r ic t io n a l  c o e f f ic ien ts  o b ta in ed  
f ro m  d iffusion  o r  s ed im en ta t io n  e x p e r im e n t s .  But, the  v o lu m e  of th e  
p ro te in  o b ta in ed  in th is  m a n n e r  a lw ay s  in c lu d e s  i t s  h y d ra t io n  sh e ll .  S ev ­
e r a l  a t te m p ts ^  h av e  been  m a d e  to sp l i t  the  e ffec t ive  vo lum e, V^, found 
f ro m  any  p a i r  of h y d ro d y n am ic  e x p e r im e n t s  into  a  v o lu m e  of th e  p ro te in
and  a  v o lum e of th e  w a te r ,  such  a s  V„ = w h e re  i s  the  vo lum e
® N N p° N
of the  d ry  p ro te in  and  — is  the  v o lum e of w a te r  bound to i t .  H ow ever ,
Np°
S cheraga^^  p o in ts  ou t th a t  the  vo lum e of bound w a te r  o b ta in ed  in  th is  
way does n o t  h av e  any  p h y s ica l  s ig n if ic an ce ,  s in c e  i t  h a s  b een  a s s u m e d  
th a t  the p a r t i a l  sp ec if ic  vo lum e of the  p ro te in  in so lu tion  i s  i t s  sp ec if ic  
vo lum e and  th a t  the  d en s i ty  of th e  bound w a te r  is  the  s a m e  a s  th a t  of the  
bulk  so lven t .  Indeed, S c h e ra g a  c o n c lu d es  a  leng thy  d ia t r ib e  on the  s u b ­
j e c t  w ith  the  s ta te m e n t ;  " F u r t h e r ,  i t  i s  n o t  p o s s ib le  to  c a lc u la te  h y d r a ­
tion  f ro m  h y d ro d y n a m ic  m e a s u r e m e n ts ,  and  no r e a l i t y  shou ld  be a t ta c h e d  
to w -v a lu e s  c a lc u la te d  in th is  m a n n e r .  Thus, i f  th e  h y d ra t io n  of p r o ­
te in s  can  n o t  be i n f e r r e d  f ro m  h y d ro d y n a m ic  s tu d ie s  in  aqueous  solution, 
l e s s  d i r e c t  m e th o d s  m u s t  be em ployed .
Am ong the  a l t e r n a t e  m e th o d s  p o s s ib le  fo r  the  s tudy  of the
h y d ra t io n  of p r o te in s  i s  a  s tudy  of the  a b s o r p t io n  of w a te r  by  the  s o l id  
com pound. A n o ta b le  e x p e r im e n t  conducted  a long  th e s e  l in e s  i s  th a t  of 
F a lk ,  H a r te m a n  and  L o rd ,  who d e te r m in e d  th e  a d so rp t io n  i s o ­
th e r m  fo r  the  sod ium  an d  l i th iu m  s a l t s  of d eo x y r ib o n u c le ic  a c id  (DNA) 
and  w a te r .  I t w as  found th a t  th e  da ta  cou ld  be f i t  up to 80% r e la t iv e  h u ­
m id i ty  by  a  s im p le  B. E . T. equation , A = BCX /(1-X +CX ) (1-X), w h e r e  A 
is  th e  to ta l  w a te r  a b so rb e d ,  B and C a r e  a r b i t r a r y  c o n s ta n ts  r e l a t e d  to 
the q u an ti ty  of w a te r  a b s o r b e d  by the  m o n o -  and  m u l t i - l a y e r s ,  r e s p e c ­
tive ly , and  X is  th e  r e l a t iv e  h u m id i ty  (ac tiv ity ,  p / p ° )  of w a te r .  B w as  
found to be about 2. 0 m o le c u le s  of w a te r  p e r  n u c le o t id e  (a n u c le o t id e  i s  
a  su bg roup  of the  DNA m o le c u le  c o m p o sed  of a  b a s e - s u g a r - p h o s p h a t e  
com plex )  fo r  both the  s a l t s ,  w h ile  C w as  21 fo r  th e  NaDNA and  36 fo r  
LiDNA. The n e g a t iv e  d ev ia t io n  f ro m  th is  B. E. T. equation  a t  a c t iv i t i e s  
g r e a t e r  than  0. 8 w a s  a t t r ib u te d  to a sw e lling  of the  n u c le o t id e  p o ly m e r ,  
w h ich  r e q u i r e s  e n e rg y .  D i r e c t  ev idence  fo r  th e  sw elling  h a d  been  o b ­
ta in e d  by  X - r a y  s tu d ie s  a t  th e  s a m e  a p p ro x im a te  h u m id ity .  L a te r ,  
i n f r a r e d  s p e c t ro s c o p ic  a n a ly s i s  of NaDNA f i lm s  a t  v a ry in g  h u m id i t i e s  
in d ic a te d  th a t  the  f i r s t  g roup  to  h y d ra te  w as  th e  p h o sp h a te  g roup , w ith  
p o s s ib ly  so m e  c o n tr ib u t io n  f r o m  the  e th e r a l  oxygen of th e  d e o x y r ib o s e  
r in g .  A t a p p ro x im a te ly  65% re la t iv e  h u m id i ty  th e  h y d ra t io n  s p h e r e  of 
th e  p h o sp h a te  g roup  w as  c o m p le te  a t  5 -6  w a te r  m o le c u le s  p e r  n u c leo t id e .  
Above 75% r e la t iv e  h u m id i ty  DNA u n d e rg o e s  a  s t r u c t u r a l  change  to a 
m o r e  h ig h ly  o r d e r e d  fo r m  w h ich  w as  tak en  to be the  fo r m  w h e re  the
b a s e  p a i r s  a r e  p e r p e n d ic u la r  to th e  ax is  of the h e l ix  a s  h a d  been  e s t a b ­
l i s h e d  by  X - r a y  w ork .
F a lk  h a s  r e c e n t ly  e x ten d ed  h is  h y d ra t io n  s tu d ie s  to in c lu d e  the  
n u c le o t id e s ;  R ib o n u c le ic  a c id  (RNA)^^*^, so lub le  RNA, p o ly r ib o ad e n y l ic  
a c id  and  n u c le o h is to n e ^ ^ \  A ll fo u r  s y s te m s  show n e a r l y  an  id e n t ic a l  
b e h a v io r  a s  DNA, a fa c t  w h ich  le a d  the  a u th o r  to conc lude  th a t  the  h y d r a ­
tion  of n u c le o t id e s  i s  l a r g e ly  c o n to l le d  by the  p h o sp h a te  g ro u p s  and  is  
n o t  s t ro n g ly  a f fe c te d  by  the  ca tion  o r  the  n a tu r e  of the  s e c o n d a ry  s t r u c ­
tu r e .  In te r e s t in g ly ,  above 75% re la t iv e  h u m id i ty  the  d a ta  w e r e  b e t t e r  
d e s c r ib e d  by th e  H a r k i n s - J u r a  equation , w h ich  a s s u m e s  a l iq u id - l ik e  
a d s o r b e d  p h a se .
A n o th e r  in d i r e c t  m e th o d  g iv ing  in s ig h t  into  the  h y d ra t io n  of p r o ­
te in s  in  aq u eo u s  so lu tion  is  th e  s tudy  of a s s o c ia t io n  r e a c t io n s  in  n on -  
aqueous  so lv e n ts .  T h is  m e th o d  i s  g e n e r a l ly  l im i te d ,  h o w ev er ,  to m o d e l  
p e p t id e  g ro u p s  due to the  low so lu b i l i ty  of p ro te in s  in  th e s e  so lv en ts .
P r i o r  to th is  w ork , to m y  know ledge, only th r e e  q u an t i ta t iv e  h y d ra t io n
2 3s tu d ie s  h a v e  b een  re p o r te d ;  th e  f i r s t  by W orley  , seco n d  by  G r ig sb y
an d  the  o th e r  an  NMR in v e s t ig a t io n  of N, N -d im e th y la c e ta m id e  in  cy c lo -
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h e x an e  by  T ak a h ash i  and  L i .  W o rle y  m e a s u r e d  the  ex ten t of h y d r a ­
tion  by fo llow ing the  a b s o r b a n c e  of th e  a n t i s y m m e t r i c  s t r e tc h in g  f r e ­
quency  of th e  f r e e  O -H  of th e  bound w a te r  a s  a function  of w a te r  a c t iv i ty  
an d  l a c t a m  c o n c e n tra t io n .  Only  1:1 c o m p le x es  w e r e  found fo r  N -m  ethy l - 
2 - p y r r o l id o n e  up to a  c o n c e n tra t io n  of 0. 04 m o l e s / l i t e r  and  w a te r  a c t iv i t ie s
8
of a p p ro x im a te ly  0. 95. In  the NM R w o rk  by T ak a h ash i  and L i i t  w as  
n e c e s s a r y  to u s e  a m id e  m o le  f r a c t io n s  of 0. 5 to 0. 99 w ith  w a te r  c o n c e n ­
t r a t io n s  of 0. 003 to 0. 002 m .  f. in  o r d e r  to s ee  a  r e s o n a n c e  due to the  
bound w a te r .  In th e s e  c o n c e n tra t io n  re g io n s  1:1 and  1:2 w a te r  to  a m id e  
c o m p lex es  w e re  p ro p o s e d .  H ow ever, by th e i r  m ethod , the  e q u i l ib r iu m  
c o n s ta n t  fo r  th e  1:1 c o n s ta n t  could  n o t  be  ev a lu a ted .  The 1:2 co m p lex  
w as  found to h av e  a  s tep w ise  c o n s ta n t  of 0. 24 m o le  1”  ̂ a t  35°C  and a 
AH of -3 . 6 k c a l /m o le .
To th e  a u th o r 's  know ledge, th e  w o rk  d e s c r ib e d  in  the  following 
c h a p te r s  r e p r e s e n t s  the  only  n o n - s p e c t r o  sco p ic  q u an ti ta t iv e  in v e s t ig a t io n  
of the  h y d ra t io n  of a  l a c ta m  m o le c u le  a s  m o d e l  p ep tid e  com pound. H o w ­
e v e r ,  b e fo re  the  h y d ra t io n  of NM P can  be d i s c u s s e d  p r o p e r ly  so m e  b a c k ­
g ro u n d  into the  s t r u c t u r e  and  re la t iv e  b a s ic i t i e s  of the two s i te s  in  a m id e s  
and  l a c t a m s  i s  n e ed e d .  T h e s e : to p ic s  a r e  t r e a t e d  in p a r t s  II and  III of 
th is  in tro d u c tio n .
T he  S t r u c tu re  of the  A m id e  G roup 
T he s t r u c t u r e  of the  am id e  g roup  i s  p ro b a b ly  b e s t  d e s c r ib e d  in 
t e r m s  of the  r e s o n a n c e  fo r m s  i l l u s t r a t e d  below. T h e se  p r in c ip a l  fo rm s ,  
how ev er ,  do n o t  c o n tr ib u te  equally, s in ce  A w ould be expec ted  to p r e ­
do m in a te  o v e r  B.
R ^  ^ R "  R-^ ^ R "
B
T h e  f a c t  th a t  th e r e  is  in d e ed  a d e lo c a l iz a t io n  of i r - e le c t ro n  d e n s i ty  b e ­
tw een  the  lone  p a i r  e le c t r o n s  of th e  n i t ro g e n  and  oxygen w ould  a p p e a r  
to be  w e l l  e s ta b l i s h e d  f r o m  th e  ex ten s iv e  w o rk  th a t  h a s  a c c u m u la te d  on 
a m id e  s t r u c t u r e s .
The f i r s t  r e q u i r e m e n t  fo r  r e s o n a n c e  to e x i s t  in  a s t r u c tu r e  is
:.18 19,20 
th a t  i t  m u s t  be  p la n a r .  X - r a y  c ry s ta l lo g ra p h ic ,  , m ic ro w a v e ,  in -
21 22 f r a r e d  and  n u c le a r  m a g n e t ic  r e s o n a n c e  (NMR) s p e c t ro s c o p y  da ta
a l l  d e m o n s t r a t e s  th a t  th e  s ix  a to m s  invo lved  in  th e  a m id e  g roup  a r e
c o p la n a r  o r  n e a r ly  co p lan a r ;  w ith  but one n o ta b le  excep tion . C. C.
23C o s ta in  and  J .  M. Dowling h ave  shown by a c a r e fu l  m ic ro w a v e  s p e c -
15t r o s c o p ic  s tudy  of f o r m a m id e  a long  w ith  i t s  d e u te r a te d  and N iso to p e  
d e r iv a t iv e s  th a t  a  shallow  p y r a m id  b e t t e r  d e s c r ib e s  th e i r  da ta .  They 
find  d ih e d ra l  an g les  fo r  H^N-CO of 7° 12 ' and  fo r  H ^N -C H  of 12° 52
h 2 \ j 1̂
In  add ition . C o s ta in  and  Dowling found i t  n e c e s s a r y  to p o s tu la te  an
1 2" in v e r s io n "  of the  h y d ro g e n s  H and  H in  o r d e r  to exp la in  the  in te n se  
and  s t ro n g ly  a n h a rm o n ic  s a te l l i t e  bands w hich  a c c o m p a n y  the  m a in  
r o ta t io n a l  a b s o r b a n c e s .
T he  second  r e q u i r e m e n t  fo r  v a l id i ty  of th e  r e s o n a n c e  i s  th a t  
t h e r e  shou ld  be c o n s id e ra b le  double  bond c h a r a c t e r  a s s o c ia te d  w ith  the  
a m id e  C -N  bond.
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28P a u l in g  o r ig in a l ly  e s t im a te d  th a t  th e r e  shou ld  be a  b a r r i e r  to 
in te r n a l  ro ta t io n  of a p p ro x im a te ly  30 k c a l / m o le .  H o w ev er ,  p ro b a b ly  the  
f i r s t  e x p e r im e n ta l  ev id en ce  fo r  such  a  b a r r i e r  in  a m id e s  w as  o b ta in ed
29
by P h i l l ip s ,  who o b s e r v e d  two r e s o n a n c e  bands  fo r  th e  m e th y l  g ro u p s
of N, N - d im  e thy lf  o rm a m i  de w hich  w e r e  p ro p o r t io n a l  to th e  a p p l ie d  fie ld .
The l a t t e r  o b s e r v a t io n  shows th a t  th e  b ands  a r e  no t sp l i t  by  coupling  w ith
th e  fo rm y l  p ro to n .  T h e re fo re ,  th is  d i f f e r e n c e  in  c h e m ic a l  sh if ts  fo r  the
N -m e th y l  p ro to n s  im p l ie s  a  s ta b le  c o n f ig u ra t io n ^  in  v/hich th e  r a t e  of
r e o r ie n ta t io n  i s  m u c h  l e s s  than  the  r e s o n a n c e  f r e q u e n c y  o r ,  th a t  »
YT^  ( Va  - V g) w h e re  ?A i s  th e .m e a n  l i f e t im e  in  s ta te  A (one c o n f ig u ra ­
tion) and  w h e r e  Va  and  Vg a r e  th e  r e s o n a n c e  f r e q u e n c ie s  fo r  s ta t e  A 
and  B.
H o w ev er,  th e  a p p a r e n t  a n o m a ly  n o ted  p re v io u s ly  in  the  c a s e  of
fo r m a m id e  i s  s u p p o r te d  in  th a t  i t  i s  the  only  am id e  fo r  w hich  t h e r e  is
ev id en ce  of a  c i s - t r a n s  e q u i l ib r iu m  a t  a m b ie n t  t e m p e r a t u r e s .  R ecen tly ,
24
L a  P la n e e  and  R o d g e rs ,  fo llow ing th e  e a r l i e r  i n f r a r e d  s p e c t r a l  e v i ­
dence , h a v e  shown by an NM R s tudy  of th i r t e e n  N -m o n o  - su b s t i tu te d
0;. .H  0.%^ ,R
 N C  N
R ^ R  ^ H
c is  t r a n s
a
S ince  th e  R g ro u p  i s  in  a  d i f f e r e n t  e le c t ro n ic  e n v iro n m e n t  in  the  
two c o n f ig u ra t io n s ,  the  p ro to n  r e s o n a n c e  and  coupling fo r  th e  c i s -  and 
t r a n s - ' f o r m s  w il l  d if fe r  s l igh tly , p ro v id e d  the  r e o r ie n ta t io n  r a t e  i s  s lo w er  
than  the  r e s o n a n c e  f req u e n cy .
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a m id e s  th a t  a l l  ex cep t the  f o r m a m id e s  e x is t  in  th e  t r a n s  co n figu ra tion .
By a  c a re fu l  a s s ig n m e n t  of r e s o n a n c e  f r e q u e n c ie s  b a s e d  la r g e ly  on e a r ­
l i e r  w ork , i t  w as  conc lu d ed  th a t  the  h igh f ie ld  N -a lk y l  p ro to n  band  w as  
due to th e  c is  co n f ig u ra t io n .  U sing  th e se  a s s ig n m e n ts  and  coupling c o n ­
s ta n ts  they  found 8% of th e  c i s -  co n f ig u ra t io n  in  p u r e  N -m e th y lfo  r m a m i  de 
and  18% in  N - t - b u ty l fo rm a m id e  d is so lv e d  in  b en zen e .  In the  c a s e  of 
a m id e s  a l l  of th is  w ould  s e e m  to be  ad eq u a te ly  ex p la in ed  by  a  l a r g e  p o ­
te n t ia l  b a r r i e r  to in te r n a l  ro ta t io n  about the  C -N  bond.
L a te r ,  G utow sky and  H olm , a s s u m in g  a f i r s t  o r d e r  r e o r i e n ­
ta t io n  r a t e  p r o c e s s ,  d e r iv e d  an e x p re s s io n  r e la t in g  k, the r a t e  co n s ta n t  
f o r  r e o r ie n ta t io n ,  to the  s e p a ra t io n  of the  r e s o n a n c e s  fo r  s ta t e s  A
an d  B. Although i t  w as  n e c e s s a r y  to so lve th is  e x p re s s io n  n u m e r ic a l ly ,  
i t  w as  s t i l l  p o s s ib le  to ob ta in  a  good e s t im a te  of the  ro ta t io n a l  e n e rg y  
b a r r i e r  f ro m  th e  t e m p e r a t u r e  dependence  of AüU . T h is  t r e a tm e n t  y ie ld ed  
7+^3  and  12 +_ 2 fo r  the  r e s p e c t iv e  p o te n tia l  b a r r i e r s  to in te rn a l  ro ta t io n  
of N, N -d im  ethylfo rm a m i  de and  N, N -d im e th y la c e ta m id e .
R ecen tly , W h it tak e r  and  Siegel, fo llowing up the  in i t ia l  w o rk  
62
by M o r ia r ty ,  h av e  concluded  f ro m  a tho rough  s tudy  of the  e ffec ts  of 
t e m p e r a t u r e ,  c o n c e n tra t io n  and so lven t on A tu, th e  s e p a ra t io n  of the  N - 
m e th y l  double t in  N, N -d im  ethylfo rm a m id e ,  th a t  th e  e a r l i e r  v a lu es  of
the  p o te n t ia l  b a r r i e r  to in te rn a l  ro ta t io n ,  w e r e  too low. The r e a s o n  
p ro p o s e d  fo r  th is  d is c r e p a n c y  w as  th a t  a n e r ro n eo u s  va lue  of AtUoo> the  
s e p a ra t io n  a t  su ff ic ien tly  low te m p e r a t u r e s  to " f r e e z e - o u t "  in te rn a l  
r o ta t io n ,  h a d  been  u s e d  p re v io u s ly .  W h it tak er  an d  S iege l found Auu
12
co n tin u ed  to  r i s e  a t  a s tead y  r a t e  w ith  a  d e c r e a s e  in  t e m p e r a t u r e  even 
to th e  l im i t  of th e i r  p ro b e  (-55°) .  F u r t h e r m o r e ,  Ad) w as  found to  be
CO
so lv en t  and  c o n c e n tra t io n  dependent. H o w ev er ,  the  fo rm y l  and  m e a n  
N -m e th y l  p ro to n  r e s o n a n c e s  w e r e  t e m p e r a t u r e  and  c o n c e n tra t io n  in d e ­
p enden t.  T he  f o r m e r  o b s e rv a t io n  r u le s  out h y d ro g e n  bonding a t  the  
fo rm y l  p ro to n .  S ince the  N -m e th y l  doub le t w as  a ffec ted  s y m m e t r ic a l ly ,  
i t  w as  h y p o th e s iz e d  th a t  the  change in  Ad) w ith  c o n ce n tra t io n ,  t e m p e r a ­
tu r e  and so lv en t  w as  due to d ip o la r  a s s o c ia t io n .  The a u th o rs  c la im  th a t  
th e  m a g n e t ic  a n is o t ro p y  ( r e la te d  to th e  in d u ced  d ipole) p ro d u c e d  in  the  
ca rb o n y l  bond w ou ld  a f fe c t  the  N -m e th y l  doub le t s y m m e t r ic a l ly .  Thus, 
i t  w as  concluded  th a t  only  the  h ig h e r  t e m p e r a t u r e  v a lu es  of Ad), w h e re  
d ip o la r  a s s o c ia t io n  is  neg lig ib le ,  shou ld  b e  u s e d  fo r  eva lua tion  of E^,
I t  w as  n e c e s s a r y ,  h o w ev er ,  to f i t  Ad)  ̂ a s  a  p a r a m e t e r  to ob ta in  a  s t r a ig h t  
l in e  re la t io n s h ip  b e tw een  I / ' t  and  1 /T , P r o c e e d in g  in  th is  m a n n e r ,  the  
v a lu es  of the  in te r n a l  b a r r i e r  g iven  in  T ab le  I w e re  ob ta ined ,
T A B L E  I
E  VALUES F O R  N, N -D IM ET H Y LFO R M A M ID E (DMF)
^ IN SEVERAL SOLVENTS
m , f, of DMF so lven t
Ad)
CO
C. p .  S .
E a
k c a l / m o le
1, 000 p u r e 8. 70 15, 9 + 2. 0
0. 0858 a c e to n e -d 8. 25 16,8  + 2. 0
0,105 OF 0 1 , 6, 45 11, 3 + 2. 0
0. 0633 '^HMDS 2. 88 9 . 4 +  1 .0
h exam  ethyl di s ito  xan e
13
R am an  s p e c t ro s c o p y  h a s  a l s o  c o n tr ib u te d  in fo rm a t io n  c o n c e r n ­
ing  h in d e re d  ro ta t io n  in  a m id e s .  B a se d  on an a p p ro x im a te  o u t -o f -p la n e
14n o r m a l  c o o rd in a te  a n a ly s i s  a t  low f r e q u e n c ie s ,  M iyazaw a  w as  ab le  to  
e s t i m a te  a b a r r i e r  h e ig h t  of 14 k c a l /m o le  by a s s ig n in g  the  w eak  bands  
a t  206 cm   ̂ and  356 cm   ̂ to the  C -N  to r t io n a l  m o d e  fo r  N - m e th y la c e t ­
a m id e  and  N -m e th y l fo r m a m id e .
D e sp ite  the  a p p ro x im a te  n a tu r e  of th e s e  d e te rm in a t io n s ,  one 
can  s e e  f ro m  the  m a g n itu d e  of th a t  c o n s id e ra b le  double bond c h a r a c t e r  
i s  a s s o c ia te d  w ith  the  C -N  bond a s  d em an d ed  by the  r e s o n a n c e  concep t.
A dd itiona lly , th is  double bond c h a r a c t e r  shou ld  be r e f le c te d  in
a  s h o r te n e d  C -N  bond and a  len g th en ed  C=0 bond c o m p a r e d  to th a t  of,
18
say , an am in e  and  a  k e to n e .  P im e n te l  l i s t s  the  fo llowing a v e r a g e  
v a lu e s ,  d e r iv e d  f r o m  a l a r g e  n u m b e r  of com pounds, fo r  th e s e  bond 
le n g th s :
Bond C -N  C=0
N o rm a l  Single 1. 48 1. 42
P e p t id e  1. 32 1. 24
N o rm a l  Double 1. 24 1. 20
U til iz in g  P a u l in g 's  m e th o d  of c a lc u la t io n  and  th e s e  data , V aughan and 
15Donohue c a lc u la te  a  30 -4 0  p e r c e n t  double bond c h a r a c t e r  fo r  the  C -N
bond and  a 70-60  p e r c e n t  double  bond c h a r a c t e r  fo r  C=0 in  a  p ep tide .
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M o re  re c e n t ly ,  M o r r i s  and  O rv i l l e - T h o m a s  h a s  r e c a lc u la te d  
th e  bond o r d e r s  fo r  s e v e r a l  p r ip i a r y  a m id e s  by a s s u m in g  the w ave  fu n c ­
t io n  to  be; $ = + X w h e re  X i s  a m ix in g  c o e f f ic ien t  fo r  the  s and
p o r b i t a l s  involved .
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34 2F o llo w in g  C oulson  and  a s s u m in g  th e  n i t ro g e n  to b e  sp h y b r id ­
ized , i t  w as  p o s s ib le  to e s t im a te  th e  p e r c e n t  s -  and  p -  c h a r a c t e r  fo r  the  
t h r e e  b o n d s .ab o u t  the  c a rb o n y l  c a rb o n  a to m  f r o m  the  fo llow ing r e l a t i o n ­
sh ips;
1/ 2
X  ̂ = [ -co s  a / c o s  P cos  y ]
^2 “ [ -cos  p /c o s  a  cos
Xg = [-cos  y / c o s  a  cos
% s = 100[1/1 4-X an d  % p = 100[ X ^ /1 + X ^ ] ,
R
A p p lica t io n  of th is  m e th o d  to s e v e r a l  ty p ic a l  a m id e s  y ie ld s  41 to 
51% s - c h a r a c t e r  fo r  C=0 and  21 to 33% s - c h a r a c t e r  fo r  C -N . On th is  
b a s i s  O r v i l l e - T h o m a s  co n c lu d es  th a t  i t  i s  w ro n g  to c o n s id e r  th e  oxygen 
to  be sp^ h y b r id iz e d .  In o th e r  w o rd s ,  in  an  a m id e  g ro u p  w e h a v e  an 
e le c t ro n ic  s i tu a t io n  w hich  i s  n o t  w e ll  d e s c r ib e d  by  th e  v a la n c e  bond a p ­
p ro a c h .
A dd it io n a l  ev idence  s u p p o rt in g  th e  r e s o n a n c e  co n cep t  a s  ap p lied
35to a m id e s  is  d e r iv e d  f ro m  dipo le  m o m e n t  s tu d ie s .  In 1955 K o te ra ,  et a l . , 
found  th a t  d ipo le  m o m e n ts  of th e  s e r i e s  C^Hg(CH2 )^N H C O (C H 2 )^C^Hg 
ra n g e d  f r o m  3. 9 to 3. 6 D and  g e n e r a l ly  in c r e a s e d  w ith  i n c r e a s in g  m  and 
d e c r e a s in g  n. The s m a l l e r  m o m e n ts  found fo r  the  a n i l id e s  (m=0) w as
15
e x p la in e d  by a  d e c r e a s e d  n i t r o g e n - c a r b o n y l  oxygen r e s o n a n c e  c o n t r ib u ­
tion  r e s u l t in g  f r o m  th e  t h r e e  p o s s ib le  n i t r o g e n -p h e n y l  r e s o n a n c e  f o r m s .  
B a s e d  on bond d ip o les  th e  a u th o r s  conc luded  th a t  th e  p r e f e r r e d  co n f ig u ­
r a t io n  w a s  t r a n s  and  th a t  th e  u s u a l  am id e  r e s o n a n c e  fo r m  c o n tr ib u te d  
a p p ro x im a te ly  0. 6 E) u n i t s  to  th e  o b s e r v e d  d ipo le  m o m e n ts .  Then, f r o m  
an  LCA O  M. O. t r e a tm e n t  u s in g  da ta  fo r  N -m e th y la c e ta m id e  (1. 21 and  
1. 36 A f o r  C=0 and  C -N ) and  a s s u m in g  an i n t e r i o r  N -C -O  ang le  of 120 , 
th e y  c a lc u la te d  th e  fo llow ing d is t r ib u t io n  of c h a r g e s :
- 0 .5 0
/  + 0 .27  /  ^
H H
S ign if ican tly , the  d ipo le  l i e s  n e a r l y  in the  s a m e  d i r e c t io n  a s  the  C=0 
bond.
36
Along the  s a m e  lin e ,  L e e  and K u m le r  h a v e  shown th a t  N -a lk y l  
su b s t i tu t io n  in c r e a s e s  the  d ipo le  m o m e n t  of l a c t a m s  and  a m id e s .  F o r  
e x am p le ,  2 -p ip e r id o n e  ( s i x - m e m b e r e d  r in g )  h a s  a  d ipo le  m o m e n t  of 
3 .8 3  D, N - m e th y l - 2 - p ip e r id o n e ,  4 .01 D; 2 p y r ro l id o n e ,  3 .7 9  D; and  N - 
m e th y l - 2 - p y r r o l id o n e ,  4. 06 D. ^  T h e se  r e s u l t s  w e r e  i n t e r p r e t e d  in 
t e r m s  of th e  e le c t ro n  donating  p r o p e r t i e s  of the  m e th y l  g ro u p s ,  w hich 
a llow  th e  n i t r o g e n  to ta k e  a  g r e a t e r  p o s i t iv e  c h a rg e ,  thus  in c r e a s in g  the  
c o n tr ib u t io n  of the  io n ic  r e s o n a n c e  fo rm . In o th e r  w o rd s ,  th e s e  r e s u l t s
'b 3 Y
F i s c h e r  o b ta in e d  a  va lue  of 4. 09 D fo r  th is  com pound.
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im p ly  th a t  th e  bond m o m e n t  of N~H i s  g r e a t e r  than  th a t  of N -C .  I t  i s  i n ­
te r e s t i n g  th a t  i f  the th r e e  n i t ro g e n  bond a n g les  a r e  n e a r l y  equal, the  N -C  
bond m o m e n ts  w il l  e s s e n t ia l ly  c an c e l  le av in g  the  r e s u l t a n t  d ipo le  v i r tu a l ly  
c o ax ia l  w ith  the  C=0 bond.
R ecen tly ,  the  e ffec t  of bulky  a lky l su b s t i tu t io n  on th e  d ipo le  m o ­
m e n ts  of s e v e r a l  a m id e s  h a s  been  in v e s t ig a te d  by T h o m p so n  and  L a  
38
P la n c h e .  E ven  fo r  N -b u ty l -N -m e th y lp iv a la m id e  (a t r im e th y l a c e t a m id e ), 
w hich  canno t be  p la n a r  a s s u m in g  th e  nonbonding r a d iu s  of a  m e th y l  group  
to be 2 A, a, d ipo le  m o m e n t  of 3. 57 D w as found. T h e re fo re ,  i t  w as  c o n ­
c luded  th a t  e i th e r  th e  u su a l  ion ic  r e s o n a n c e  fo rm  does  n o t  c o n tr ib u te  
n e a r ly  a s  m u c h  a s  p re v io u s ly  thought, o r  th a t  the  p o te n t ia l  b a r r i e r  to 
ro ta t io n  abou t th e  C -N  bond is  s y m m e t r i c a l  w ith  two o r  m o r e  m a x im a .  ^
In  s u m m a ry ,  i t  m u s t  be  conc luded  th a t  the  r e s o n a n c e  concep t 
i s  g e n e r a l ly  s a t i s f a c to r y  in  exp la in ing  an d  p re d ic t in g  th e  s t r u c t u r a l  and  
e le c t ro n ic  p r o p e r t i e s  of the  am id e  g roup . H ow ever, one a s p e c t  of the 
s t r u c t u r e  of m o n o - s u b s t i tu te d  a m id e s  r e m a in s  to be ad eq u a te ly  exp la ined  
(indeed, i t  n e v e r  even s e e m s  to be  d is c u s se d ) ;  th a t  is ,  why i s  th e  t r a n s  
c o n f ig u ra t io n  p r e f e r r e d  a lm o s t  to the  e x c lu s io n  of th e  c i s ?  The u su a l  
a rg u m e n t  of s t e r i c  h in d ra n c e  a p p e a r s  to b r e a k  down fo r  the  fo r m a m id e s ,  
w hich  a lso  show a s t ro n g  p r e f e r a n c e  fo r  th e  t r a n s  fo rm .
^ I t  h a s  been  shown^*^ th a t  if  t h e r e  a r e  two o r  m o r e  s y m m e tr ic  
b a r r i e r s  to in te r n a l  ro ta t io n  the  e ffec t  on the  e l e c t r i c  m o m e n t  w ill  be 
the  s a m e  a s  fo r  f r e e  ro ta t io n .
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T he  B a s ic i ty  of the  A m id e  G roup  
Now th a t  th e  s t r u c t u r e  of the  a m id e  g roup  h a s  been, re v ie w e d  a 
d is c u s s io n  of the  b a s ic i ty  of a m id e s  w ill  be  m o r e  in te l l ig ib le .  M o s t  of 
th e  fo llowing w il l  r e l a t e  to  in fo rm a t io n  g le an e d  f r o m  p ro to n a t io n  s tu d ie s ,  
s in c e  l i t t l e  in fo rm a t io n  on r e l a t iv e  b a s ic i t i e s  of v a r io u s  a m id e s  h a s  b een  
obta ined , a s  yet, f r o m  h y d ro g e n  bonding s tu d ie s .  F u r t h e r m o r e ,  i t  w ill  
be  a s s u m e d ,  ad  hoc, th a t  p ro to n a t io n  and  h y d ro g e n  bonding a r e  s im p ly  
d i f f e re n t  m a n i f e s t a t io n s  of the  s a m e  phenom enon . This  i s  p e r h a p s  r e a ­
sonab le  s in ce  p ro to n a t io n  i s  thought to beg in  w ith  the  fo r m a t io n  of a  h y ­
d ro g e n  bond. In add ition , no a m id e  b a s i c i t i e s  b a s e d  on the  H a m m e t t
s c a le  a r e  inc luded , fo r  a m id e s  h av e  been  shown n o t  to follow th is  r e l a -
T,- 40, 41ti on ship.
One of th e  e a r l i e r  tho rough  w o rk s  on the  r e l a t iv e  b a s ic i t i e s  of
42
a m id e s  w as  th a t  of H u isg en  and  B ra d e .  In th is  s tudy  pK^  ̂ v a lu e s  w e r e  
d e te r m in e d  fo r  a  s e r i e s  of a m id e s  in  w hich  th e  N~ and C - s u b s t i tu e n ts  
w e r e  v a r i e d  s y s te m a t ic a l ly .  P o te n t io m e t r ic  t i t r a t i o n s  of the  a m id e s  
d is so lv e d  in  g la c ia l  a c e t ic  a c id  w ith  p e r c h lo r i c  a c id  w e r e  fo llow ed  by a
c h lo ra n i l  and  te t ra c h lo ro h y d ro q u in o n e  e le c t ro d e  s y s te m  a s  p ro p o s e d  by
43, 44 d
H a ll  and Conant. The re s u l t in g  co n ju g a te  a c id  d is so c ia t io n  pK^^
v a lu e s  taken  a t  h a l f - n e u t r a l i z a t io n  w e re  c o n v e r te d  to a  " w a te r  s c a le "
B e r n a r d  O. H e s to n  and  K a r r i s  F .  H a ll ,  J .  Am . C h ew . ' Soc. , 55, 
4729 (1933), h o w e v er ,  h av e  shown th a t  due to solV.ation the  p r o p e r  
fo r  th e  c h lo ra n i l  e le c t r o d e  in  g la c ia l  a c e t ic  i s  + 0. 680 v in s te a d  of 
E  = + 0. 664 V p ro p o s e d  by H a ll  and  C onant.
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by  the  re la t io n s h ip ;
pK^ (w a te r)  = pK^^ (a c e t ic  ac id )  + 1. 70
T he  r e s u l t s  a r e  shown in  T ab le  II.
T A B L E  II
pKg VALUES FO R VARIOUSLY SUBSTITUTED AMIDES
C om pound
f o r m a m id e -0 . 48
N -m  ethylfo r m a m i  de -0 .  04
N " d im  ethylfo  r m a m i  de -0 .  01
N -n  - bu ty lf  o r m a m i  de 0. 03
N -b e n z y l fo rm a m id e -0 .  33
ac  e tam id e 0.11
N -m  e th y la c e ta m id e 0. 80
N -e th y la c e ta m id e 0. 79
N -n -b u ty la c  e ta m id e 0. 84
N -c y c lo h e x y la c  e ta m id e 0. 77
N -b e n z y la c  e ta m id e 0. 31
N - b e n z y l t r im  e th y lac  e ta m id e -0 . 43
N -m  e thy lbu ty  r  a m i de 0. 79
N -b e n z h y d r y l fo rm a m id e -0 . 63
The a u th o rs  a rg u e  th a t ,  s in c e  N - s u b s t i tu t io n  h a s  l e s s  e ffec t on 
th e  b a s i c i t y  of a m id e s  than  fo r  a  c o r r e s p o n d in g  s e r i e s  of a m in e s ,  the  
s i te  of p ro to n a t io n  m u s t  be  f u r th e r  r e m o v e d  f r o m  th e  e le c t ro n ic  effect; 
th a t  is ,  p ro to n a t io n  o c c u r s  a t  th e  oxygen. H ow ever , in  th e  l ig h t  of the  
p r e s e n t  s t r u c t u r a l  know ledge  of a m id e s ,  i t  i s  p e rh a p s  m o r e  s ig n if ic an t  
th a t  the  fo r m a m id e s  show th e  l e a s t  b a s ic i ty .  I t  w as  show n,in  P a r t  II 
th a t  fo r m a m id e  is  the  only  a m id e  thus  f a r  s tu d ie d  th a t  h a s  b een  found to 
be n o n - p la n a r  and  to p o s s e s s  a  c is  - t r a n s  e q u i l ib r iu m  a t  ro o m  te m p e r a t u r e s .
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T h e s e  s t r u c t u r a l  a n o m a l ie s  im p ly  th a t  t h e r e  i s  l e s s  c o n tr ib u t io n  f ro m  
th e  io n ic  r e s o n a n c e  fo rm  in  f o r m a m id e s ,  w h ich  w ould be r e f l e c te d  by 
lo w e r  b a s ic i t i e s  i f  0 -p ro to n a t io n  o c c u r r e d .
F u r t h e r  ev id en ce  fo r  the  u n u su a l  p r o p e r t i e s  of fo r m a m id e  r e l a ­
t iv e  to the o th e r  a m id e s  i s  a f fo rd e d  by o th e r  b a s ic i ty  m e a s u r e m e n t s .
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U sing  the  te ch n iq u e  of S treu l i ,  w h e re b y  n i t r o m e th a n e - a m id e  so lu tions
a r e  p o te n t io m e t r ic a l ly  t i t r a t e d  w ith  n i t r o m  e th a n e -p e r  c h lo r ic  a c id  so lu -  
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tion, Ad e lm  an found con juga te  ac id  d is s o c ia t io n  c o n s ta n ts  fo r  tw enty
N, N -d is u b s t i tu te d  a m id e s .  Inc luded  w e r e  5. 02 and  3.17 fo r  N, N -d im  ethyl 
and  N, N -d ie th y l fo rm a m id e ,  w hile  N, N -d im  ethyl and N, N -d i  e th y lac  e t ­
am id e  h ad  a c id  d is s o c ia t io n  c o n s ta n ts  of 0. 80 and 0. 63, r e s p e c t iv e ly .  
In te re s t in g ly ,  the  o r d e r  of th e s e  b a s ic i t i e s  (K^ = 1/K^) w ould  s e e m  to be 
m o s t  c o m p a t ib le  w ith  0 -p ro to n a t io n .  S ince  fo rm a m id e  i s  the  l e a s t  n e a r ly  
p la n a r  of th e  a m id e s ,  l e s s  c o n tr ib u tio n  to  i t s  s t r u c tu r e  would b e  expec ted  
f ro m  the  ion ic  fo rm ; t h e r e f o r e  the  com pound  should  be l e s s  b a s ic .  H ow ­
ev e r ,  p ro v id e d  one a c c e p ts  the  r e s o n a n c e  concep t, N -p ro to n a t io n  would
s e e m  to r e q u i r e  fo r m a m id e  to be the  m o s t  b a s ic .
45In a n o th e r  a r t i c l e  by H uisgen , et a l . , the  b a s ic i t i e s  of a  s e r ­
ie s  of l a c t a m s  w ith  f iv e -  to n in e te e n - m e m b e r e d  r in g s  w e r e  s tu d ied .  In
add ition  to the  p o te n t io m e tr ic  m e th o d  a l r e a d y  d e sc r ib e d ,  a sp e c t ro s c o p ic
46in d ic a to r  te ch n iq u e  u s in g  4 - chlo ro  - 2 - n i t r  o an il ine  in the  s a m e  so l v e n t- 
t i t r a n t  s y s te m  w as  em ployed . The r e s u l t s  a r e  given in  T ab le  III. I t  i s  
i n t e r e s t in g  to n o te  th a t  the  f iv e -  and  s ix - m e m b e r e d  r in g s  fo rm  the  lo w er
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a n d  u p p e r  l im i t s  of the  b a s ic i ty  of l a c t a m s .  The sh if t  f r o m  g e n e r a l ly  
d e c r e a s in g  b a s ic i t i e s  b e tw een  the  se v e n -  and  e ig h t - m e m b e r e d  r in g s  to 
in c r e a s in g  b a s ic i t i e s  fo r  the  l a r g e r  r in g s  i s  a t t r ib u te d  to a change f r o m  
a c is  to a t r a n s  c o n f ig u ra t io n  a t  th e s e  r in g  s iz e s  { in f r a - r e d  and  u l t r a ­
v io le t  s p e c t r a l ,  as  w e ll  a s  s o lu b i l i ty  data  w e re  o f f e re d  a s  fu r th e r  e v i ­
dence  fo r  th is  t r a n s fo rm a t io n ) .  S ince th is  s e r i e s  of l a c t a m s  fa i le d  to 
show a  s h a rp  m in im u m  in  a  p lo t  of pK^ vs . r in g s iz e  a s  the  c o r r e s p o n d ­
ing  p o ly m e th y le n im in e s  (a l ip h a tic  cy c lic  a m in e s )  do, i t  w as  f u r th e r  c o n ­
c lu d ed  th a t  exocyc lic  p ro to n a t io n  h a d  o c c u r re d .
TA BLE III
pK VALUES FOR A SERIES OF ALIPHATIC LACTAMS AT 25°C
R in g s iz e 5 6 7 8 9 10
P o te n t io m e t r i c  m e th o d -0. 03 0. 75 0. 36 0. 52 0. 55 0. 65
In d ic a to r  m e th o d -0. 33 0. 64 0. 27 0. 42 0. 37 0. 58
R in g s iz e 11 13 14 16 19
P o te n t io m e t r i c  m e th o d 0. 72 0. 65 0. 57 0. 58 0. 57
In d ic a to r  m e th o d 0. 57 0. 52 0. 46 0. 52 0. 47
In g e n e ra l ,  fo r  w e ak ly  b a s ic  com pounds the  following s e r i e s  i s  
re c o g n ized :
R . C ^  < R - C ^  < R - C ^  < R -C (^
^ O R  ^ O H  NH2 ^ 0 “
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T he  c a rb o x y lic  a c id s .h a v e  pK^ v a lu es  of a p p ro x im a te ly  -7, a m id e s  -1 
to + 1 and  the  c a rb o n a te  an ion  a ro u n d  +5.
M o s t  of the  ev idence  fo r  N -p ro to n a t io n  of a m id e s  h a s  b een  d e ­
r iv e d  f r o m  v ib ra t io n  s p e c t r a .  U sually  the  a rg u m e n ts  d e r iv e d  f r o m  th is
m e th o d  h ave  b een  b a s e d  on o b s e rv a t io n  of sh if ts  to lo w e r  f r e q u e n c ie s  of
6
the  N -H  and  C=0 v ib ra t io n s  owing to p ro to n a t io n  a t  the  r e s p e c t iv e  s i t e s .  
47, 48, 49
T y p ica l  of th is  type of study i s  th a t  of M. D av ies  and  L . H o p ­
k ins , in w hich  the  s p e c t ru m  of u r e a  n i t r a t e  w as  ex am ined . S ince  th is
a n a ly s i s  show ed the  ty p ica l  N -H  s t r e tc h in g  f requency , [v(N-H)], double t 
a t  a m e a n  f re q u e n c y  of 3396 cm"^ (cf. a m e a n  v(N -H ) of 3230 cm "^ fo r  
u r e a )  and  in  ad d itio n  a  double t a t  a  m e a n  f r e q u e n c y  of 3230 c m " ” (cf. to 
am m o n iu m  s a l t s  a t  3200 cm  ^), and  s in c e  no band  ty p ic a l  of V (O -H ) w as  
found, i t  w as concluded  th a t  N -p ro to n a t io n  o c c u r r e d  in  u r e a .  In o r d e r  
to exp la in  the  o b s e r v e d  m o n o b a s ic i ty  of u re a ,  the  a u th o rs  e s t im a te d  the  
r e s o n a n c e  e n e rg y  in  u r e a  to be a p p ro x im a te ly  10 k c a l /m o le ,  and  a lo s s  
of 3 k c a l / m o le  of th is  e n e rg y  upon the  fo rm a t io n  of the  m o n o - s a l t .  Thus, 
the  lo s s  of th e  r e m a in in g  7 k c a l /m o le  of r e s o n a n c e  e n e rg y  upon th e  f o r ­
m a t io n  of th e  d i - s a l t  com bined  with the  e l e c t r o s ta t i c  re p u ls io n  of the  
two c lo se ly  sp a c e d  p o s i t iv e  c h a rg e s ,  w ould  r e n d e r  th e  e q u i l ib r iu m  c o n ­
s ta n t  fo r  the  ad d itio n  of a  p ro to n  to the  seco n d  s i te  e x p e r im e n ta l ly
®For a  th o rough  re v iew  of th is  a s p e c t  up to  1961 s ee  A. R. 
K a t r i tz k y  and R. A. Y. Jo n es ,  C hem . and  I n d . , 722 (1961).
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u n d e te c ta b le .  F u r t h e r m o r e ,  two b an d s  in  th e  c a rb o n y l  s t r e tc h in g  f r e -
“Iquency  re g io n  w e r e  found fo r  u r e a  n i t r a t e  (1305 and  1675 c m "  ) a t  h ig h e r  
f r e q u e n c ie s  than  the  v (C = 0) b and  fo r  p u re  u r e a  (1610 cm~'^| a s  w ou ld  be 
e x p ec te d  f r o m  N -p ro to n a t io n .
AftM o re  re c e n t ly ,  h o w ev er ,  S te w a r t  and  M u e n s t e r h a v e  in v e s t i ­
g a ted  th e  i n f r a r e d  s p e c t r a  of d ic y c lo h ex y lu rea ,  d ic y c lo h e x y lu re a  p - to lu en e -
1 g
su lphonate  and  th e i r  0 “ i s o to p e s .  By c o m p a r iso n  w ith  s p e c t r a  fo r  known 
ion ic  and  co v a le n t  com pounds  of u r e a  the  a u th o rs  w e r e  ab le  to show tha t 
th e  p - to lu e n e su lp h o n a te  com pounds  w e r e  p ro b a b ly  io n ic .  An iso to p ic  
sh if t  of 17 cm   ̂ to lo w e r  f r e q u e n c ie s  w as  found fo r  th e  c a rb o n y l  s t r e t c h ­
ing f r e q u e n c y  of the  m o le c u la r  com pounds, w hich  c o m p a r e d  fa v o ra b ly
w ith  the  s a m e  sh if ts  in  b enzophenone  and  b e n z a m id e  (29 an d  24 cm "\-  
49re s p e c t iv e ly ) .  A lthough two b an d s  w e re  found in  the  c a rb o n y l  s t r e t c h ­
ing  f r e q u e n c y  re g io n  fo r  the  p - to lu e n e su lp h o n a te  s a l t s ,  a s  D av ies  and  
H opkins  h a d  fo r  u r e a  n i t r a t e ,  th e s e  a b s o r b a n c e s  d id  no t show an iso to p ic  
sh if t .  H o w ev er ,  the  two bands  a t  1437 and 1135 cm "^ w hich  w e re  a s s ig n e d  
to O -H  bending  and  C-OH s t re tc h in g ,  re s p e c t iv e ly ,  did show iso to p ic  
sh i f ts  of 10 and  6 cm  In  a g r e e m e n t  w ith  u r e a  n i t r a t e  th e  s p e c t r a  did 
n o t  show a n  O -H  s t r e tc h in g  a b so rb a n c e ,  but th e  a u th o r s  p r o p o s e d  th a t
e i th e r  th e  a b s o r b a n c e  w as  too weak, o r  th a t  i t  w as  m a s k e d  by the  b ro a d
-1
ban d s  in  th e  2400 and  2600 cm  re g io n .  The a u th o rs  o f f e re d  f u r th e r  ev i-
10
den ce  fo r  O -p ro to n a t io n  in  tha t,  s in ce  O -a lk y l  u r e a s  a r e  abou t 10 t im e s  
a s  b a s ic  a s  u re a ,  the  d i f f e re n c e  m u s t  be a t t r ib u te d  to r e s o n a n c e  e n e rg ie s
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of the  n e u t r a l  m o le c u le s  b e c a u s e  th e  r e s o n a n c e  e n e rg ie s  of the  ions  
w ou ld  be  about the  s a m e .
i-N H ^ -(Ü -N H 2  + jN H g—  C — N H ^
NH 2" C=NH + H :;z± In H^—  C — N H ^
63In f u r th e r  i n f r a r e d  w o rk  w ith  a m id e s ,  Denys Cook w a s  ab le  
to  a s s ig n  by i s o to p ic  sh if ts  the  bands  n e a r  1250 cm   ̂ in  so lid  a m id e  and  
l a c t a m  s a l t s  to an  O -H  d e fo rm a tio n  m o d e . Some of h is  r e s u l t s  fo r  th e s e  
com pounds a r e  shown in  T ab le  IV.
T A B L E IV
DEFORM ATION MODES AND ISO TOPIC SHIFTS 




(avg. if  
sp li t) 50D A60D ôO H /ôO D
N, N -d ic y c lo h e x y la c e ta m id e 1282 0 1086 0 1.18
N, N -d im  e thy lac  e tam id e 1253 147 1003 90 1. 25
N, m e th y l - 2 - p y r r o l id o n e 1265 74 972 60 1. 30
The ch ief  sp o k e sm a n  fo r  th e  N -p ro to n a t io n  schoo l h a s  b een  E. 
S p in e r  of the  N a t io n a l  U n iv e rs i ty  of A u s t r a l i a  who b a s e s  m o s t  of h i s  a r g u ­
m e n t  on the  r e je c t io n  of the  concep t of i r - e le c t ro n  d e lo ca l iz a t io n  in
24
c o n ju g a ted  s y s te m s .  In connec tion  w ith h is  w o rk  on a r o m a t ic  h e te r o c y -  
52d i e  com pounds, am ong w hich  w e re  2 -  and 4 ~ h y d ro x y p y r id in es ,  i t  w as 
shown by the  a b se n c e  of a s t ro n g  R am an  a b jp r b a n c e  a t  a p p ro x im a te ly  
1000 cm   ̂ ( c h a r a c te r i s t i c  of a  fu lly  a ro m a t ic  s ix - m e m b e r e d  r ing )  th a t  











F u r th e r m o r e ,  in  the  n e x t  a r t i c l e  of th e  s e r i e s ,  i t  w as  shown
th a t  th e  s a m e  a b so rp t io n  w as m is s in g  fo r  the 2 -  and  4 -o x o p y r id in e s  in
s t ro n g  aqueous  a c id  so lu tion  (up to 1 so lu te ; 6HC1). S trong  a b so rb a n c e
-1
ban d s  above 1700 cm  in  tlie i n f r a r e d  s p e c t r a  of th e s e  com pounds w e re  
ta k en  a s  ev idence  fo r  the  p r e s e n c e  of a c a rb o n y l oxygen. Since the  0- 
p ro to n a te d  fo rm  of th e se  com pounds should  be fu lly  a r o m a t ic  a s  in d ic a ted  
above, i t  w as  concluded  th a t  p re d o m in a n t ly  N -p ro to n a t io n  o c c u r r e d  in 
2 -  and  4 -o x o p y r id in e s .
In fo rm a t io n  co n ce rn in g  the  b a s ic i t i e s  of a m id e s  h a s  been  d e r iv e d  
a lso  f r o m  s p e c t r a l  s tu d ie s  of the  c o o rd in a tio n  of a m id e s  w ith m e ta l  c a ­
t io n s  and  m o le c u la r  com pounds, such a s  bo ro n  t r i c h lo r id e .  H ow ever, 
s tu d ie s  w ith  so lid s  a r e  not c o n s id e re d  c o m p le te ly  a p p l ic ab le  to so lu tion  
b e h a v io r ,  s in ce  in the  solid , g e o m e t ry  m a y  b e co m e  im p o r ta n t  than  s m a l l  
d i f f e r e n c e s  in  b a s ic i ty  of the  co o rd in a tio n  s i te .  Along th e s e  l in e s  an
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in t e r e s t i n g  i n f r a r e d  s tudy  of the  in te r a c t io n  of iod ine  w ith  s e v e r a l  N -
d is u b s t i tu te d  a m id e s  in  c a rb o n  t e t r a c h l o r id e  h a s  been  cond u c ted  by
58S ch m u lb ack  and  D rago . B a s e d  on the  o b s e r v a t io n s  th a t  in  the  p r e s ­
ence  of io d in e  th e  c a rb o n y l  s t r e tc h in g  f r e q u e n c y  sh if ts  by 43 cm~^ to  .
lo w e r  f ie ld s  and  th a t  th e  C -N  s t r e tc h in g  f r e q u e n c y  a t  1460 cm   ̂ i n c r e a s e s  
-1
to  1530 cm  , i t  w as  concluded  th a t  p re d o m in a n t ly  O - io d in a t io n  o c c u r r e d
in  a m id e s .  B y c o m p a r iso n  w ith  k e to n e s  such  a s  a ce to n e  and  cy c lo p e n -
tanone  i t  w a s  found th a t  the  N (CH 2)2 g roup  w as  a p p ro x im a te ly  ten  t im e s
a s  e ffec t iv e  in  in c r e a s in g  the  b a s ic i ty  of the  ca rb o n y l  oxygen to w a rd
io d in e  a s  w as  th e  m e th y l  group.
N u c le a r  m a g n e t ic  r e s o n a n c e  s tu d ie s  h a v e  p ro v id e d  s ig n if ic a n t
in fo rm a t io n  re g a rd in g  the  s i te  of p ro to n a t io n  in  a m id e s .  In w h a t  a p p e a r s
54to  be a  th o ro u g h  study, B e r g e r ,  L o w e n s te in  and M eiboon (and a t  n e a r ly
55
th e  s a m e  t im e  F r a e n k e l  and  N ie m an n  ) h av e  a n a ly zed  the  NMR s p e c ­
t r u m  of N -m e th y la c  e tam id e  a s  a  func tion  of c o n c e n tra t io n  and  a c id i ty  
and  h a v e  co n c lu d ed  th a t  p re d o m in a n t ly  O -p ro to n a t io n  o c c u r s .  Sketchily , 
th e i r  a n a ly s i s  p ro c e e d e d  a s  fo llow s. The s p e c t r a  of N - m  e thy lac  e tam id e  
(NMA) show s a double t fo r  the N -C H ^ p ro to n s  due to s p in - s p in  coupling  
w ith  the  N -H  p ro to n .  F r o m  the  s h a r p n e s s  of th is  doub le t a t  pH 5 i t  
w as  concluded  th a t  the  r a t e  of exchange  of the  am id e  h y d ro g e n  h a d  a 
h a l f - t i m e  of g r e a t e r  than  one second . The b ro a d  and  in d i s c e r n ib le  N -H
re s o n a n c e  w as  thought to be a t r i p l e t  a r i s i n g  f ro m  s p in - s p in  in te r a c t io n  
14w ith  the  N n u c le u s  along w ith  a s u p e r p o s e d  q u a r te t  f ro m  th e  N -C H ^
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p r o to n s .  At lo w e r  pH the  N -m e th y l  double t c o a le s c e d  to a  s ing le t,  
w h ich  w as  tak en  to m e a n  th a t  the  N -H  p ro to n  w as  exchanging  so ra p id ly  
a t  th e s e  a c id i t ie s  th a t  i t s  s p in - s p in  coupling  w a s  below d e tec t io n .  I m ­
p o r ta n t ly ,  h o w ev er ,  th is  doub le t  w as  found to  r e a p p e a r  a t  v e r y  h igh  
ac id i ty ,  and  a t  a l l  a c id i t i e s  w hen d i lu ted  w ith  d ioxane, w h e re  th e  exchange  
w a s  s low ed  su ff ic ie n t ly  to a llow  s p in - s p in  in te r a c t io n s .  C o m p lic a t io n s  
o c c u r r e d  w hen i t  w a s  found th a t  u n d e r  h igh  re s o lu t io n  and  a t  m o d e r a te  
a c id i t i e s  and  b a s i c i t i e s  th e  N -m e th y l  and C -m e th y l  p ro to n  r e s o n a n c e s  
w e r e  r e a l ly  a  q u a d ru p le t .  T h is  c o n tr ib u t io n  to th e  N -m  ethy l r e s o n a n c e  
w a s  re m o v e d  by  a s s u m in g  a L o r e n t i a n  envelope  fo r  the  q u ad ru p le t .  E x ­
change  r a t e s  w e r e  d e te r m in e d  f ro m  the b ro a d e n in g  of both th e  N - m  ethyl 
and  w a te r  r e s o n a n c e s  a s  a  func tion  of a c id i ty  a f t e r  being c o r r e c t e d  fo r  
v i s c o s i ty  e f fe c ts .  The  fa c t  th a t  both m e th o d s  gave the  s a m e  r a t e  w ith in  
e x p e r im e n ta l  e r r o r  in d ic a te d  th a t  v i r tu a l ly  a l l  the  "exchange o c c u r r e d  
be tw een  w a te r  and  the  so lu te .  A ssu m in g  a f i r s t  o r d e r  r a t e  p r o c e s s ,  
the  sp ec if ic  r a te ,  R, i s  g iven  by;
R =  1 / t  = d [am ide]
[am ide] dt
w h e r e  x i s  the  m e a n  l i f e - t i m e  be tw een  p ro to n  ex ch an g es .  I t  w as  found 
th a t  R w as  in d ep en d en t of the  am id e  c o n c e n tra t io n ,  but d i r e c t ly  p r o p o r ­
t io n a l  to e i th e r  the  h y d ro g e n  o r  h y d ro x y l  ion  c o n c e n tra t io n  a s  th e  c a s e  
m a y  be.
P r o c e e d in g  in  th is  m a n n e r ,  r a t e  c o n s ta n ts  of = (5. 2 1. 0) X
27
lO^M ^sec   ̂ fo r  pH > 7 and  kg = (3. 8 0. 4) X lO^M sec  fo r  pH < 7
w e r e  d e te r m in e d  fo r  the  e q u i l ib r ia :
kf
CH^CONHCHg + OH CH3CONCH3 + HgO (I)
+ kg +
CHjCONHCHg + H 3 O CH3 COHNHCH3 + HgO (II)
A t h i r d  p o s s ib le  r e a c t io n
kg
CHgCONH^CHg + H O H ^  CH3CONHCH3 + H*OH (III)
3 “1 -1w a s  e s t im a te d  to have  a  kg < 2 X 10 M sec  .
A lthough (I) w ould  s e e m  to be  of the  p r o p e r  m ag n itu d e  fo r  p ro to n  
exchange , k 2> w hich  is  fo u r  o r d e r s  of m ag n itu d e  l e s s ,  a p p e a r s  m u ch  too 
s m a l l .  F u r t h e r m o r e ,  f r o m  p o te n t io m e tr ic  t i t r a t i o n s  of the  am id e  in 
w a te r ,  i t  w as  found th a t  th e  a m id e  w as  io n ized  to a  c o n s id e ra b le  ex ten t 
a t  a c id i t i e s  w h e re  the  exchange  w as  s t i l l  r e la t iv e ly  slow . Why then, 
w a s n ' t  e q u i l ib r iu m  (III) o b s e r v e d ?  The following seq u e n c e  w as  p o s tu ­
l a te d  to exp la in  th e s e  fa c ts ;
HO, CHg
+ /
, C = N  + H^O
C H . C H , H\ \  /  -<r ^
N '
CH3 "H ^  +
B
O . ,CHc




In th e  pH ra n g e  of 0. 8 to 2 A— o c c u r s  to an a p p re c ia b le  e x ­
te n t  but does no t c o n tr ib u te  to the  m e a s u r e d  r a t e  of exchange. T h e r e ­
fo re ,  the  o b s e r v e d  k in e t ic s  a r e  fo r  the  e q u i l ib r iu m  A—v-C, w hich  exp la in s  
th e  s m a l l  r a t e  c o n s ta n t  fo r  (II). F u r t h e r m o r e ,  i f  C w e re  p r e s e n t  in  s m a l l  
enough c o n c e n tra t io n s ,  eq u i l ib r iu m  (III) w ou ld  n o t  be m e a s u r a b le .  S ign if­
ic an t ly ,  in  h igh ly  a c id ic  so lu tion  w h e re  exchange  i s  slow, the  s p e c t r a  did
no t show a t r i p l e t  fo r  th e  N -m e th y l  r e s o n a n c e  th a t  would be e x p ec ted  f ro m  
+
th e  -NH^CHg fo rm .
L a t e r  n u c l e a r  m a g n e t ic  r e s o n a n c e  s tu d ie s  of a m id e s  have  le d
56to a  c o n f irm a tio n  of th e se  r e s u l t s .  F o r  exam ple , Bunton, et a l . , m e a ­
s u r e d  the  a r e a  u n d e r  th e  N -H  p ro to n  r e s o n a n c e  fo r  n ine  a m id e s ,  in c lu d ­
ing p r im a r y ,  s e c o n d a ry ,  and t e r t i a r y  s t r u c t u r e s  a s  a function  of a c ÿ l i ty  
and  found no e x t r a  p ro to n s  re s id in g  on th e  n i t ro g en ,  n o r  did they  f ind  a
t r i p l e t  r e s o n a n c e  fo r  the  N -m  ethyl p ro to n s  a t  h igh  a c id i t ie s .  F r a e n k e l  
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and  F r a n c o n i  e s t im a te d  the  b a r r i e r s  to in te r n a l  ro ta t io n  about th e  C-H  
bond following a p r o c e d u r e  analogous  to th a t  d i s c u s s e d  in  P a r t  II and  
found 12. 7 k c a l / m o le  fo r  the  N, N -d im  e thylfo  rm a m i  de ca tion  and  9. 6 
k c a l / m o le  fo r  the  n e u t r a l  m o lecu le ,  w h ich  i s  ag a in  in d ic a t iv e  of p r e d o m ­
in a n t ly  O -p ro to n a t io n .  In te re s t in g ly ,  a t e m p e r a t u r e  of 130° w as  n e c e s ­
s a r y  fo r  th e  c o l la p s e  of the  N -CH ^ doub le t  in  100% su lfu r ic  acid , w h ile  
only  43° w a s  n e c e s s a r y  in  an aqueous  a c id  so lu tion . This  o b s e rv a t io n  
w a s  taken  a s  ev idence  fo r  a ra p id  p ro to n  exchange  a t  the  n i t ro g e n  in  a q u e ­
ous so lu tions .
29
In re b u t ta l ,  E. S p in n e r^ ^  h a s  p ro p o s e d  th a t  th e  doub le t  o b s e r v e d  
f o r  th e  N -m e th y l  p ro to n s  in  N -m o n o - s u b s t i tu te d  a m id e s  i s  due to the  p r o ­
tons  on the  m e th y l  group  being  in  s l ig h t ly  d if f e re n t  e n v iro n m e n ts ;  th a t  is ,  
th e  p o s i t iv e ly  c h a rg e d  p ro to n a te d  n i t r o g e n  in d u c es  s o m e  double  bond 
c h a r a c t e r  in to  the  N -C  bond of th e  m e th y l  g roup . H o w ever , a s  po in ted  
ou t by G i l le s p ie  and  B irc h a l l^ ^  th is  h y p o th e s is  w ould  r e q u i r e  d if fe re n t  
a r e a s  fo r  th e  N -m e th y l  p ro to n  doublet, w hich  h a s  n o t  b een  found fo r  the  
N -m o n o  s u b s t i tu te d  a m id e s  s tu d ied  thus  f a r .  F u r t h e r m o r e ,  E. S p inner 
r a i s e s  the  m o r e  v a l id  q uestion  th a t  if  the  am id e  oxygen p ro to n a te s ,  why 
i s n ' t  and  O -H  band  o b s e rv e d  in  th e  s p e c t ru m ?  A ll th e  e a r l i e r  NMR w o r k ­
e r s  h a d  e x p la in ed  th is  aw ay by a s s u m in g  th e  O -p ro to n  exchange  r a t e  a t  
ro o m  te m p e r a t u r e s  to be too f a s t  fo r  d e tec tion .
R ecen tly , G il le sp ie  and  B irc h a l l^ ^  h ave  s tu d ied  the  NMR sp e c -
f o o
t r a  of s e v e r a l  a m id e s  in an h y d ro u s  f lu o ro su l fu r ic  a c id  f r o m  25 to -90  C 
in  an e f fo r t  to  slow th e  p ro to n  exchange  r a t e  su ff ic ien tly  to  a llow  d e te c ­
tion  of th e  p ro to n a te d  h y d rogen  r e s o n a n c e .  In the  s p e c t ru m  of a c e ta m id e  
a t  25° two p e ak s  a r e  o b s e r v e d  w h ich  a r e  no t a s s o c ia te d  w ith  the  so lven t 
o r  w ith  the  in te r n a l  s tan d a rd .  The b ro a d  band a t  h igh  f ie ld s  w as  taken  
as  th a t  due to the  NH2 p ro to n s  an d  the  r e la t iv e ly  sh a rp  b and  a t  lo w e r  
f ie ld s  w as  a s s ig n e d  to the  C H ^ -C = 0  p ro to n s  of a c e ta m id e .  The p eak s  
h a d  r e l a t iv e  a r e a s  of 2. 04:3. 00, r e s p e c t iv e ly .  At -8 0 °  th e  NH^ re s o n a n c e
% y  a c o m p a r iso n  of the  m e lt in g  p o in ts  ( -8 9 ° )  th is  i s  a p p a re n t ly  
w ha t th e  "H andbook of C h e m is t r y  and  P h y s i c s "  d e s ig n a te s  a s  f lu o ro  s u l ­
fonic a c id  (HSO^F).
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g r e a t ly  s h a r p e n s  and  s p l i t s  in to  a doub le t (a t t r ib u te d  to h in d e re d  ro ta t io n  
ab o u t the  C -N  bond), and  a  new a b s o r b a n c e  a p p e a r s  a s  a  s h o u ld e r  on the 
so lv en t  band. A t -9 2 °  the  new p e ak  i s  c o m p le te ly  r e s o lv e d  an d  the  a c e t a ­
m id e  b an d s  a t  th is  t e m p e r a t u r e  h a v e  r e l a t iv e  a r e a s  of 1. 07:2.10:300, r e ­
sp ec t iv e ly ,  fo r  the  new peak , NH^ and th e  CH^ p ro to n s  (the NH2 a b s o r b ­
a n ce  w as  n o t  f u r th e r  s p l i t  a t  th is  t e m p e r a tu r e ) .  Thus, the  new p e a k  w as 
tak en  a s  the  r e s o n a n c e  band  due to an OH p ro to n .
F o r  N, N -d im e th y la c e ta m id e ,  the  new  p e a k  a p p e a r s  a t  -7 9 °C  
and  i s  only 2. 8 c .p .  s. w ide  a t  th is  point, w hich  in d ic a te s  th a t  the  p r o ­
ton  i s  m o r e  s t ro n g ly  bonded  in  th is  com pound  than  in  a c e ta m id e  ( th is  a p ­
p a r e n t  i n c r e a s e d  b a s ic i ty  of the  N -d is u b s t i tu te d  d e r iv a t iv e  i s  c o m p a t ib le  
w ith  the  d is c u s s io n  in  P a r t  II). The r e l a t i v e  p eak  a r e a s  a t  th is  t e m p e r a ­
t u r e  a r e  0. 95:5. 91:3. 00, r e s p e c t iv e ly ,  fo r  the  OH, N -(C H g )2 an d  CHgC=0 
p ro to n s .  In th is  c a se ,  the  new p ro to n  p e a k  cou ld  a r i s e  f ro m  N - p r o t o n a ­
tion, but, s in ce  the  c h e m ic a l  sh if t  w as  -9 .  80 ppm , w h ile  th a t  in  a c e t ­
a m id e  w as  -10. 40 ppm , the  a u th o rs  co nc lude  th a t  the  new  r e s o n a n c e  band 
w as  p ro b a b ly  due to th e  OH p ro to n  in both  c a s e s .  S im i la r  r e s u l t s  w e r e  
o b ta in e d  fo r  fo r m a m id e  and  i ts  N -m e th y l  d e r iv a t iv e .
In  s u m m a ry ,  i t  a p p e a r s  th a t  p ro to n a t io n  of n o n - a r o m a t ic  a m id e s  
an d  l a c t a m s  o c c u r s  p re d o m in a n t ly  a t  th e  oxygen. H ow ever, in  m o s t  
c a s e s  w h e re  i t  w as  p o s s ib le  to o b s e r v e  an  effect, the n i t r o g e n  h a s  shown 
so m e  r e a c t iv i ty  a s  w e ll .  T h e re fo re ,  if  a c o m p a r is o n  of p ro to n a t io n  and 
h y d ro g e n  bonding i s  in d e ed  valid , an a m id e  o r  l a c t a m  should  p r e f e r e n t i a l l y  
h y d ro g e n  bond to th e  oxygen, and  w hen co n d itio n s  p e rm i t ,  show s o m e  a d d i ­
t io n a l  c o n tr ib u t io n  f r o m  th e  n i t ro g e n .
C H A P T E R  II 
E X P E R IM E N T A L
The S e lf -A ss o c ia t io n  of N -M e th y l - 2 - P y r r o l id o n e  
To d e te rm in e  a s e l f - a s s o c i a t io n  c o n s ta n t  of a  p o la r  n o n v o la t i le  
so lu te  in  a v o la t i le  so lven t, t h r e e  c l a s s i c a l  p h y s ic a l - c h e m ic a l  m e th o d s  
su g g e s t  th e m s e lv e s ;  i) i s o p ie s t i c ,  i i)  o s m o tic  p r e s s u r e ,  and  i ii)  v ap o r  
p r e s s u r e  lo w erin g .  l o s p ie s t i c  m e th o d s ,  which d epend  on the  t r a n s f e r  
of so lv en t  be tw een  a s o u rc e  of known a c t iv i ty  and a  so lu tion  w hose  s o l ­
v en t  a c t iv i ty  is  d e s i r e d ,  a r e  c ap a b le  of h igh  p r e c i s io n ,  bu t h ave  th e  i n ­
h e r e n t  d isad v a n ta g e  of slow e q u i l ib r iu m  a t ta in m e n t .  T h e re  a r e  s e v e r a l  
w ays  to im p ro v e  th is  s i tu a tio n ,  e. g. , evacua tion  and  r a p id  s t i r r i n g ,  but 
a t  b e s t  i t  i s  s t i l l  f r e q u e n t ly  a  m a t t e r  of w eek s  b e fo re  e q u i l ib r iu m  is  a t ­
ta in e d .  O sm o tic  p r e s s u r e  m e a s u r e m e n ts ,  on the  o th e r  hand, can  be 
m a d e  so m ew h a t m o r e  r a p id ly  bu t r e p ro d u c ib i l i ty  i s  p e r h a p s  m o r e  d if f i ­
c u l t  due to  the  p r o p e r t i e s  of the  m e m b ra n e .  V apor p r e s s u r e  low ering  
m e th o d s ,  ho w ev er ,  a r e  r e la t iv e ly  rap id ,  a t ta in m e n t  of p r e s s u r e  e q u i l i ­
b r iu m  is  e a s i ly  v e r i f ie d ,  and  th ey  a r e  capab le  of su f f ic ien t  a c c u r a c y  in  
th e  ra n g e  of e q u i l ib r iu m  c o n s ta n ts  a n t ic ip a te d  (0. 5 to  2. 0 (m ole /1 )  ̂ to 
a llow  a  v a l id  d e te rm in a t io n .  F o r  th e se  r e a s o n s ,  the  l a s t  m e th o d  w as
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th e  one chosen .
A p p a ra tu s
In d es ign ing  a v ap o r  p r e s s u r e  a p p a r a tu s  to u s e  i t  w as  p lan n ed
th a t  v a r io u s  c o n c e n tra t io n s  cou ld  be  o b ta in ed  f ro m  the  s a m e  so lu tion  by
s im p ly  ev ap o ra t in g  s u c c e s s iv e  p o r t io n s  of the  v o la t i le  so lven t .  T h is
m e th o d  w as  p a r t i c u l a r l y  a t t r a c t iv e  s in ce  th e  v ap o r  p r e s s u r e  of N - m e th y l -
2 -p y r ro l id o n e  (NM P) h a d  been  found to be only 0. 31 + 0. 05 m m  a t  25°C.
T h e re fo re ,  a s s u m in g  an id e a l  so lu tion , and  a t  a  so lu te  m o le  f r a c t io n  of
0. 05 (the h ig h e s t  r e q u i r e d  c o n ce n tra t io n )  th e  p a r t i a l  p r e s s u r e  of N M P
w ould  be  l e s s  th an  0. 02 m m  of Hg a t  25°C . S till  a n o th e r  r e a s o n  fo r
t ry in g  th is  m e th o d  w as  th a t  an a p p a r a tu s  w hich  had  been  u s e d  p r e v io u s ly
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fo r  w a te r  so lu b i l i ty  s tu d ie s  could  be r e a d i ly  ad ap ted  to th is  u s e .  T h is  
a p p a ra tu s ,  d e p ic ted  in  F ig u r e  I, c o n s i s t s  of two u n its  co n n ec ted  by a 
m e r c u r y  cup b a l l - jo in t  which p ro v id e s  a  g r e a s e - f r e e ,  r e a d i ly  d e tac h a b le  
sea l .  The lo w e r  p o r t io n  c o n s is ts  of a 250 m l  f la sk  w ith  a f la t  bo tto m  to 
f a c i l i ta te  s t i r r i n g .  The u p p e r  p o r t io n  of e a c h  u n it  i s  c o m p o se d  of a m e r ­
c u ry  m a n o m e te r ,  a  T eflon  vacuum  n e e d le  v a lv e  s topcock  (D e lm a r  S c ie n ­
tif ic  L a b o r a to r i e s ,  I n c . ,  Maywood, I l l in o is ,  ; $14) f i t ted  w ith  Viton 0-
r in g s ,  and a m e r c u r y  c o v e re d  s in te r e d  g la s s  d isk  w hich can  be u s e d  fo r
68
sam p le  in t ro d u c t io n  to the  ev ac u a ted  s y s te m  if  n eeded . The m a n o m ­
e te r  w as  c o n s t r u c te d  f ro m  18 m m  O. D. tub ing  (a p p ro x im a te ly  16 m m  I.
D. ) to r e n d e r  c a p i l l a r y  d e p re s s io n  of the  m e r c u r y  n eg lig ib le .  S ince 
th e  a p p a r a tu s  i s  f a i r ly  co m p ac t  i t  i s  p o s s ib le  to i m m e r s e  th e  e n t i r e
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F i g u r e  I. The  V ap o r P r e s s u r e  A p p a ra tu s .  ( C r o s s - h a tc h in g  in d ic a te s  Hg. )
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a s s e m b ly  in  a  c o n s ta n t  t e m p e r a t u r e  bath , thus  a s s u r in g  a  u n ifo rm  s a m ­
p le  t e m p e r a t u r e .
C o n s tan t  T e m p e r a tu r e  B ath  
A r e c ta n g u la r  20 g a llo n  a q u a r iu m  w as  u s e d  fo r  a  c o n s ta n t  t e m ­
p e r a t u r e  b a th  (T. G. and  Y. ; $15). An a q u a r iu m  h a s  a t  l e a s t  two d is t in c t  
a s s e t s  a s  a  c o n s ta n t  t e m p e r a t u r e  r e s e r v o i r  fo r  v a p o r  p r e s s u r e  w ork , 
s in ce  i t  i s  both  m a d e  to ho ld  w a te r  an d  to s ee  th ro u g h . The ba th  w as 
p ro v id e d  w ith  an  e v a p o ra t iv e  c o o le r  pum p (L i t t le  G ian t C o r p . , O k lahom a 
City, O k lahom a; a p p ro x im a te ly  $8) fo r  s t i r r i n g ,  a  cooling  coil, a  200- 
w a t t  l ig h t  bu lb  a s  a h e a t  s o u rc e  and  a  t h e r m o - r e g u l a t o r  ( P r e c i s io n  T h e r ­
m o m e te r  and  In s t ru m e n t ,  Co. , I n d u s t r i a l  P a r k ,  Southham pton , P a . ,
Cat. No. T -260 ; $65). (T h is  p a r t i c u l a r  r e g u la to r  i s  the  b e s t  m e r c u r y  
in  g la s s  t e m p e r a t u r e  c o n tro l l in g  d e v ice  I h av e  seen , and  in  connec tion  
w ith  the  G r e in e r  S c ien tif ic  e le c t ro n ic  r e l a y  (M odel No. E - 3 ;  $55) w hich  
n e e d s  only  6 ^ a m p f o r  a c t iv a t io n ,  i t  shou ld  o p e ra te  w ith  d ep en d a b i l i ty  
an d  a c c u r a c y  fo r  m an y  y e a r s .  ) T h e s e  com p o n en ts  w e r e  a r r a n g e d  in  
th e  b a th  so th a t  th e  flow f ro m  th e  pum p p a s s e d  s u c c e s s iv e ly  o v e r  the  
cooling  co il,  l ig h t  bulb, r e g u la to r  and  th en  the  t h e r m o m e t e r .  With th is  
a r r a n g e m e n t ,  th e  r e g u la to r  im m e d ia te ly  s e n s e s  the  h e a t  f r o m  the  l ig h t  
bulb  and  s l ig h t ly  f in e r  t e m p e r a t u r e  c o n tro l  i s  o b ta in e d .  In c id en ta l ly ,  
th e  l ig h t  b u lb s  w e r e  p a in te d  b la ck  o r  c o v e re d  w ith  a lu m in u m  foil to p r e ­
ven t g la r e  and  to p ro v id e  a  m o r e  even  h e a t  d is t r ib u t io n .  T he  t e m p e r a ­
t u r e  c o n tro l  p ro v id e d  w ith  th is  eq u ipm en t and  a r r a n g e m e n t  w as  such
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th a t  v e ry  l i t t l e  change  w a s  d e tec ta b le  on a  0. 01° d iv is ion , 5. 5 c m / d e g r e e
th e r m o m e te r .  T h e r e f o r e ,  th e  t e m p e r a t u r e  w as  c o n t ro l le d  w ith in  + 0. 01° 
o
a t  25 C. F u r t h e r  ev id en ce  fo r  th is  p r e c i s io n  of t e m p e r a t u r e  c o n tro l  is  
th a t  no v a r ia t io n  in  th e  p r e s s u r e  of c a rb o n  t e t r a c h l o r id e  g r e a t e r  th an  the  
i n h e r e n t  e r r o r  of th e  m e a s u r e m e n t  (j  ̂ 0. 05 m m ) w as  d e tec ta b le  o v e r  long 
p e r io d s  of t im e .
S o lven t and  Solute P u r i f ic a t io n  
To re d u c e  any  s y s te m a t ic  e r r o r  in  th e  p r e s s u r e  m e a s u r e m e n t s ,  
th e  so lv en ts  and  so lu te s  w e r e  c a re fu l ly  p u r i f ie d .  E a s tm a n  p r a c t i c a l  
g ra d e  (a p p a re n t ly  th e  on ly  d e g re e  of p u r i t y  r e a d i ly  a v a i lab le )  N -m  e th y l - 
2 -p y r ro l id o n e  (NMP) w as  d is t i l le d  th ro u g h  a  1 2 -p la te  v a c u u m - ja c k e te d  
O ld e rsh aw  co lum n u n d e r  r e d u c e d  p r e s s u r e  a t  a  r a t e  of a p p ro x im a te ly  
50 c c /h o u r .  The bo il ing  p o in ts  o b ta ined  v a r i e d  f r o m  ru n  to run  d e p en d ­
ing upon how w ell  the  jo in ts  w e r e  sea led ,  bu t they  w e r e  n e v e r  h ig h e r  
than  60 C, thus  k eep ing  any  p o s s ib le  d eco m p o s i t io n  to a  m in im u m . The
p ro d u c t  ob ta in ed  in  th is  m a n n e r  had  a  r e f r a c t iv e  index  of 1. 4685 a t  25 C
37a s  c o m p a re d  to the  l i t e r a t u r e  va lue  of 1. 469 a t  the  s a m e  t e m p e r a t u r e ,
o
I ts  d en s i ty  w as 1. 0290 a t  26 C.
U sually , o f  th e  500 m l  of N M P d is t i l le d  a t  a  t im e  a  150 m l  m i d ­
d le  f r a c t io n  w as  r e t a in e d  fo r  u s e .  Im m e d ia te ly  upon co m p le tio n  of th e  
d is t i l la t io n  the p u r i f i e d  p ro d u c t  w as  p la c e d  in  a  v acuum  d e s ic c a to r  p r o ­
v ided  w ith  d r i e r i t e ,  ev acua ted , and s to re d  in  the  d a rk .  By s to r in g  the  
N M P in  th is  m a n n e r ,  i t  w as  found th a t  no d e te c ta b le  d e co m p o s it io n
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o c c u r r e d  fo r  m o n th s .  In te re s t in g ly ,  im p u r e  N M P h a s  a  foul, d e a d - f is h  
o do r , b u t the  d i s t i l le d  p ro d u c t  is  c o m p le te ly  o d d r le s s .
D ip h en y lm e th an e  w as  u s e d  a s  the  so lu te  in  p r e p a r in g  id e a l  s o lu ­
tio n s  in  both c a rb o n  t e t r a c h lo r id e  and  b en zen e . The M ath  e s  on, C o lem an  
and  B e l l  p r a c t i c a l  g ra d e  p ro d u c t  w as  v acuum  d is t i l le d  u s in g  the  s a m e  
p r o c e d u r e  a s  fo r  N M P, excep t tha t of th e  500 m l  added  o r ig in a l ly  about 
the  m id d le  tw o - th i r d s  w as  c o l le c te d  fo r  u s e .  In add ition , th e  d is t i l le d  
p ro d u c t  w as  r e c r y s t a l l i z e d  t h r e e  t im e s ;  the  l a s t  two p r o d u c ts  h ad  id e n t i ­
ca l  m e l t in g  p o in ts  of 25. 4°C and  r e f r a c t iv e  in d ex  of 1. 5756 a t  25°C a s
c o m p a re d  to th e  l i t e r a t u r e  m . p. of 26-27  and  r e f r a c t iv e  index  of 1. 5768
o 67 
a t  20 C.
In th e  s tu d ie s  u s in g  ca rb o n  te t r a c h lo r id e ,  th e  B a k e r  and A d a m ­
son r e a g e n t  g ra d e  p ro d u c t  w as  s u c c e s s iv e ly  s c ru b b e d  in  a  4 - l i t e r  s e p a ­
r a to r y  funnel w ith  c o n c e n tra te d  su l fu r ic  acid , w a te r ,  20% p o ta s s iu m  h y ­
d rox ide , w a te r  and  f in a l ly  d r ie d  o v e r  an h y d ro u s  c a lc iu m  su lfa te  ( d r ie r i te ) ,  
a s  su g g e s te d  by K rc h m a  and W ill ia m s .  The ca rb o n  t e t r a c h l o r id e  w as  
then  re f lu x e d  o v e r  m e r c u r y  in  a  hood  fo r  2 -4  h o u rs  to r e m o v e  any s u l ­
f ides  and  w as  d i s t i l le d  th ro u g h  a 3 0 -p la te  vacuum  ja c k e te d  O ld e rsh a w  
co lum n a t  a  r e f lu x  ra t io  of 30:1. Out of the  o r ig in a l  two l i t e r s  a fo r e ru n  
of 400-500  m l  w as  d i s c a rd e d  and a p p ro x im a te ly  one l i t e r  of the  so lven t 
boiling  a t  a  c o n s ta n t  u n c o r r e c t e d  t e m p e r a t u r e  of 75. 5°C w as  c o l le c te d  
fo r  im m e d ia te  u s e .
In p r e p a r in g  b en zen e  fo r  u s e  a s  a  so lvent, the  F i s h e r  p u r i f ie d
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p r o d u c t  w as  d i s t i l le d  th ro u g h  an  A ce G la ss  27 -p la te  b u b b le -c ap  co lum n. 
F r o m  the  o r ig in a l  ga l lo n  a  f o r e r u n  of a p p ro x im a te ly  500 m l  w as  tak en  
a t  a  re f lu x  r a t io  of 30:1 and  the  m a in  f r a c t io n ,  am oun ting  to a p p r o x i ­
m a te ly  2. 5 l i t e r s  and  bo iling  a t  a  c o n s ta n t  u n c o r r e c t e d  t e m p e r a t u r e  of 
o
79. 5 0. 3 , w as  tak en  a t  a 10:1 r e f lu x  ra t io .
C heck  of the  M ethod  
T u rn in g  to the  a c tu a l  v a p o r  p r e s s u r e  d e te r m in a t io n s ,  a t  l e a s t  
two o b je c t io n s  can  be  r a i s e d  to the  p ro p o s e d  m e th o d  of so lv en t  e v a p o r a ­
tion . F i r s t  any  n o n -v o la t i le  im p u r i t i e s  p r e s e n t  in  the  so lv en t  w ould  
lo w e r  i t s  a p p a r e n t  v a p o r  p r e s s u r e  and  second, any  lo s s  of the  so lu te  
w ou ld  give too h ig h  a  p r e s s u r e .
To r e d u c e  the  p o s s ib i l i ty  of the  f i r s t  o b jec t io n  being  im p o r ta n t  
th e  so lv en ts  w e r e  c a r e f u l ly  p u r i f ie d  a s  a l r e a d y  d e s c r ib e d .  Then, fo r  
b en zen e , a  ch eck  w as  m a d e  fo r  any  p o s s ib le  e f fe c ts  f ro m  n o n -v o la t i le  
im p u r i t i e s  u s in g  the  p r o c e d u r e  ou tl in ed  below . A f te r  w eigh ing  100 m l  
of p u r e  b en ze n e  in to  the  250 m l  f la sk , s m a l l  p o r t io n s  of the  so lv en t  
w e r e  e v a p o ra te d  w ith  an  a s p i r a t o r .  To in s u r e  th a t  a l l  the  e v a p o ra te d  
so lv en t  w as  caught, a  double s y s te m  w as  em p lo y ed  w ith  each  t r a p  c o n ­
n e c te d  in  s e r i e s  and  i m m e r s e d  in  a d ry  i c e - a c e to n e  ba th . G e n e ra l ly  by 
ju s t  c ra c k in g  the  v a cu u m  n e ed le  va lve  on the  a p p a r a tu s ,  a p p ro x im a te ly  
e ig h t g r a m s  of the  so lv en t  would  be r e m o v e d  in  f ive  m in u te s .  At the  
end of the  e v a p o ra t io n  p e r io d  th e  t r a p s  w e re  r e m o v e d  and  s to p p e red .  
A f te r  th e  so lv en t  thaw ed, the  t r a p s  w e re  w eighed , d r ie d ,  and  re w e ig h e d
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to d e te r m in e  th e  am o u n t of so lv en t  r e m o v e d .  U su a lly  th e  b a c k -u p  t r a p  
c o n ta in ed  l e s s  th an  50 m g  of the  so lven t .  The  da ta  f r o m  th is  e x p e r im e n t  
a r e  shown in  F ig u r e  II a s  p v s .  p e r c e n t  of b en zen e  re m o v e d .
Two im p o r ta n t  p o in ts  w e r e  i l l u s t r a t e d  in  th is  g ra p h .  F i r s t  i t  
show s th a t  th e  p °  of b e n zen e  does  n o t  s e n s ib ly  change even  though the  
so lu tion  h a s  been  c o n c e n t ra te d  by  a f a c to r  of th r e e .  Secondly , i t  can  be 
see n  th a t  f r o m  14-18% of th e  so lv en t  m u s t  be  re m o v e d  b e fo re  a l l  th e  a i r  
a n d / o r  w a te r  is  re m o v e d  f r o m  the  b en zen e  (no e f fo r t  w as  m a d e  to d ry  
th e  so lu tio n  b e fo reh an d ) .  T h e re fo re ,  w hen a  ru n  w a s  m a d e  w ith  so lu te  
p r e s e n t ,  no p r e s s u r e  re a d in g s  w e r e  ta k e n  un ti l  a t  l e a s t  18% of the  s o lu ­
tion  had b e en  e v a p o ra te d .  I t  i s  im p o r ta n t  to no te  th a t  the  p e r c e n ta g e  of 
e v a p o ra t io n  n e c e s s a r y  fo r  d e g a s s in g  p ro b a b ly  depends  upon th e  am o u n t 
of so lv en t  p r e s e n t ,  the  r a t e  of s t i r r i n g ,  and to a  l e s s e r  e x ten t  on g e o m ­
e t ry  of the  c o n ta in e r .  F u r t h e r m o r e ,  the  p e rc e n ta g e  found f ro m  th is  e x ­
p e r im e n t  p ro b a b ly  r e p r e s e n t s  a  m in im u m  value, s in c e  only  s m a l l  q u a n ­
t i t i e s  of so lv en t  w e r e  re m o v e d  a t  a  t im e ,  thus  a llow ing  th e  a i r  to re a c h  
an e q u i l ib r iu m  s ta t e  b e fo re  f u r th e r  re m o v a l .  C o nsequen tly , w hen a run  
w a s  m a d e  w ith  so lu te  p r e s e n t ,  c a r e  w as  tak en  to r e p ro d u c e  th e s e  s a m e  
co n d it io n s .  The d a sh e d  l in e  in  th e  f ig u r e  r e p r e s e n t s  th e  a v e r a g e  va lue  
of p °  (95. 06 T o r r )  o b ta in ed  f r o m  a l l  th e  p r e s s u r e  r e a d in g s  above  e ig h t­
een  p e r c e n t .
A ch eck  w as  m a d e  of th e  p u r i f ie d  c a rb o n  t e t r a c h l o r id e  in  a  s im  ­
i l a r  m a n n e r  w ith  th e  s a m e  type  of p lo t  shown in  F i g u r e  III. The d ash ed
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l in e  in  th is  p lo t  i s  the  a v e r a g e  v a lu e  of p °  o b ta in ed  f ro m  th is  an d  o th e r  
d e te r m in a t io n s .  In  th is  e x p e r im e n t  th e  p e r c e n t  re m o v e d  w a s  e s t im a te d  
f r o m  a p p ro x im a te  vo lum e m a r k s  on th e  f la sk .  A gain  i t  i s  s e e n  th a t  p °  
ch an g es  on ly  s l ig h t ly  m o r e  than  th e  e s t im a te d  e x p e r im e n ta l  e r r o r  of +
0. 05 m m  o v e r  a  3 - fo ld  c o n c e n tra t io n  of th e  so lven t .  As in  th e  c a s e  of 
b en zen e , th is  p lo t  shows th a t  15-20% of th e  p u r e  so lv en t m u s t  be  re m o v e d  
b e fo re  the  p r e s s u r e  due to  a i r  i s  n e g l ig ib le .  The a v e r a g e  v a lu e  of p °  
found fo r  c a rb o n  te t r a c h l o r id e  a t  25°C  w as  114. 08 m m  Hg c o r r e c t e d  to 
0°C (a c tu a l  a v e r a g e  o b s e r v e d  p °  w a s  114. 60 in  m m  of Hg a t  25°C ).
In  o r d e r  to ch eck  on the  s e c o n d  p o s s ib le  o b jec t io n  to th is  m e th o d  
of ob ta in ing  v ap o r  p r e s s u r e  lo w e r in g  da ta , ( lo ss  of so lu te), a  m e th o d  of 
so lu te  a n a ly s i s  w a s  n eed ed . Then, i f  l o s s  o c c u r r e d ,  the  c o n c e n t r a t io n  
could  be  c o r r e c t e d .  G e n era l ly ,  the  a c c u r a t e  d e te r m in a t io n  of t e r t i a r y  
n o n - a r o m a t ic  a m id e s  i s  d iff icu lt  to a c c o m p lis h ,  s in c e  they  do n o t  show 
a c h a r a c t e r i s t i c  a b s o rb a n c e  in  a  r e a d i ly  a c c e s s ib le  s p e c t r a l  r e g io n  and  
s in ce  th e i r  r e f r a c t i v e  in d ic e s  a r e  n e a r ly  id e n t ic a l  w ith  th o se  of the  c o m ­
m o n  so lv en ts ,  ben zen e , c a rb o n  t e t r a c h lo r id e ,  and  1, 2 -d ic h lo ro e th a n e .  
H o w ever , a d v an tag e  can  be  tak en  of th e  d i f f e r e n c e s  in  the  r e f r a c t iv e  
in d e x  of N M P a n d  w a te r  co m b in ed  w ith  th e  fa c t  th a t  th e  d is t r ib u t io n  ra t io  
of N M P in  c a r b o n  t e t r a c h lo r id e  to th a t  in  w a te r  i s  abou t 0. 03. U til iz in g  
th is  in fo rm a t io n ,  s t a n d a rd  so lu tio n s  of N M P in  c a rb o n  t e t r a c h l o r id e  
w e r e  p r e p a r e d  an d  a l iq u o ts  of th e s e  w e r e  d i s t r ib u te d  w ith  w a te r  in  a 
ra t io  of two c a rb o n  t e t r a c h lo r id e  to  one w a te r ,  th e re b y  a p p ro x im a te ly
42
doubling  the  c o n c e n t ra t io n  in  th e  w a te r  p h a se .  F r o m  the  s ta n d a rd  p lo t 
a c o n c e n t ra t io n  of a p p ro x im a te ly  0. 002 m o le  f r a c t io n  of N M P in  c a rb o n  
t e t r a c h l o r i d e  cou ld  be  d e tec te d .
M ethod
F o r t i f i e d  w ith  an  a p p ro x im a te  m e th o d  of a n a ly s i s  i t  w as  p o s s i ­
b le  to  p r o c e e d  w ith  the  a c tu a l  e x p e r im e n t .  F i r s t  a  s a m p le  of d ry  NM P 
w a s  ra p id ly  w e ig h ed  in to  the  t a r e d  f la s k .  Then 100 m l  of so lv en t  w as  
a d d ed  and  the  f la s k  w e ig h ed  ag a in .  (Due to th e  c o m b in e d  w eigh t of the  
f la sk ,  s t i r r i n g  b a r  and  so lven t ,  i t  w a s  n e c e s s a r y  to  m a k e  th e  l a s t  w e ig h t  
on a  l a r g e  so lu tion  b a la n c e .  ) A f te r  e v ap o ra t in g  so m e  of the  so lv en t  in to  
th e  t r a p  s y s te m  to  s e a t  th e  m e r c u r y  cup b a ll jo in t ,  the  a p p a r a tu s  w a s  i m ­
m e r s e d  in  the  c o n s ta n t  t e m p e r a t u r e  ba th . A d d it io n a l  so lv en t  w as  r e ­
m o v e d  w ith  r a p id  s t i r r i n g  u n t i l  18-20% of the  o r ig in a l  am o u n t h a d  been  
ta k e n  off ( th is  p a r t  r e q u i r e s  a  l i t t l e  p r a c t i c e  s in c e  i t  i s  d iff icu lt  to te l l  
how m u c h  so lv en t  i s  in  th e  t r a p .  ) The am o u n t r e m o v e d  w a s  d e te r m in e d  
by  w e ig h t  and  a  p o r t io n  of each  co n d en sa te  s a v e d  fo r  a n a ly s is .  I n t e r ­
e s t in g ly ,  w hen  th e  so lu tio n  h a d  b een  c o m p le te ly  d e g a s se d ,  only 10-15 
m in u te s  w e r e  r e q u i r e d  to r e a c h  p r e s s u r e  e q u i l ib r iu m , bu t i f  so m e  a i r  
a n d / o r  w a te r  w a s  p r e s e n t  m o r e  than  30 m in u te s  e la s p e d  b e fo re  the  
p r e s s u r e  b e c a m e  c o n s ta n t .  H o w ev er ,  even a f t e r  c o m p le te  d e g a s s in g  
th e  p r e s s u r e  w as  no t r e a d  in  l e s s  than  30 m in u te s .  T h is  p r o c e d u r e  w as  
r e p e a t e d  u n t i l  a p p ro x im a te ly  50% of th e  so lven t h a d  b een  re m o v e d .  S ub­
seq u e n t  a n a ly s i s  of the  s a m p le s  o b ta ined  in  th is  w ay  g e n e r a l ly  did n o t
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show a d e te c ta b le  am oim t of N M P.
All p r e s s u r e  re a d in g s  w e r e  m a d e  w ith  a  G a e r t e r  S c ien tif ic  Co. 
c a th e to m e te r  (Model No. M 911, a p p ro x im a te ly  $265) equ ipped  w ith  a 
c lo s e -u p  le n s  a t ta c h m e n t .  I t  w as  p o s s ib le  w ith  th is  o p t ic a l  s y s te m  to 
focus  on a  m e r c u r y  m e n is c u s  l e s s  th an  e igh teen  in c h es  away, w hich  
g ives  a  g r e a t e r  m ag n if ic a t io n ,  th e r e b y  im p ro v in g  th e  p r e c i s io n  of the 
m e a s u r e m e n t .  F u r t h e r m o r e ,  th e  m a n o m e te r  w as  c o n s t r u c te d  so th a t  
i t s  a r m s  w e r e  w ith in  1/2 inch  to m in im iz e  e r r o r s  f ro m  th e  c a th e to m e te r  
n o t  be ing  le v e l .  By p lac in g  th e  m a n o m e te r  in  f r o n t  of the  a p p a ra tu s ,  the  
am o u n t of w a te r  v iew ed  th ro u g h  w as  re d u c e d  and  a  s h a r p e r  im a g e  w as 
o b ta in ed  w ith  the  te le sc o p e .
H y d ra t io n  of N - M e th y l - 2 - P y r r o l id o n e  and  N, N -D im e th y la ce ta m id e
The Solute I s o p ie s t ic  M ethod
T he  so lu te  i s o p ie s t i c  m e th o d  a s  a p p lied  to h y d ra t io n  s tu d ie s
69 T 0 T1h a s  been  d e s c r ib e d  p re v io u s ly .  ’ ’ B r ie f ly ,  the  a p p ra tu s  c o n s is t s
of a  su i ta b le  c o n ta in e r ,  such  a s  a w id e -m o u th  M ason  j a r  (a v a i lab le  " a n y ­
w h e re "  a t  $1. 65 /d o z .  w ith  l id s ) ,  w h ich  i s  p ro v id e d  w ith  a s h o r t  sec t io n  
of g la s s  tubing  a t ta c h e d  v e r t i c a l ly  to the o u ts id e .  By s lipp ing  a  m e ta l  
rod , w hich  i s  m o u n ted  v e r t i c a l ly  in  th e  bath , th ro u g h  the  g la s s  tubing 
a  m e a n s  of both su p p o rt in g  and  s t i r r i n g  th e  a s s e m b le d  a p p a r a tu s  in  the  
c o n s ta n t  t e m p e r a t u r e  b a th  i s  ob ta in ed .  S ince the  j a r  i s  f r e e  to  r o ta te  
when m o u n te d  in  th is  m a n n e r ,  s t i r r i n g  i s  ob ta in ed  f ro m  th e  m o tio n  of
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w a te r  in  the  ba th . In s id e  the  e q u i l ib ra te r ,  the  c o n s ta n t  w a te r  a c t iv i ty  
so lu tion  i s  p la c e d  in  a b e a k e r  and  the  so lu tion  to be e q u i l ib ra te d  is  
p la c e d  on th e  bo ttom  of the  j a r .
J o h n s o n 's  o r ig in a l  a p p a r a tu s  w as m o d if ied  only  s l ig h tly  f o r  the  
p r e s e n t  ap p lica t io n .  F i r s t ,  the  c o n s ta n t  a c t iv i ty  so lu tio n  b e a k e r  w as  
su sp en d ed  in s te a d  of be ing  p la c e d  d i r e c t ly  in to  the  o rg a n ic  so lu tion . I t  
w as  thought th a t  m oun ting  in  th is  w ay  w ould p r e v e n t  any  " c re e p in g "  of 
th e  su l fu r ic  a c id  a c t iv i ty  so lu tion  into the  e q u i l ib ra t in g  so lu tion . In  
add ition , a p r a c t i c a l  ad v an tag e  w as  a lso  o b ta in ed  by su sp en sio n , s in ce  
l e s s  a c t iv i ty  so lu tion  w as  n e e d e d  even though l a r g e  v o lu m es  of so lu tion  
w e r e  u sed ;  th a t  is ,  w hen 300 m l  of so lu tion  a r e  u sed ,  a  l a r g e  e x c e s s  of 
c o n s ta n t  a c t iv i ty  so lu tion  w ould  be n e c e s s a r y  j u s t  to keep  the  b e a k e r  
f r o m  floa ting . Secondly, the  g la s s  tu b es  w e re  s e c u r e d  to the  j a r  w ith  
e l e c t r i c a l  tap e  in s te a d  of epoxy r e s in .  I t  w as  found th a t  e l e c t r i c a l  tape  
p ro v id e d  a safe, in e x p en s iv e  and  r a p id  m e th o d  of m o u n tin g  the  tu b es  
th a t  l a s t e d  fo r  a t  l e a s t  s ix  m o n th s .  The th i r d  m a jo r  change  in the  b a s ic  
a p p a r a tu s  a s  em ployed  in  th is  s tudy  w as  the  u s e  of p o ly e th y len e  c o a te d  
l id s .  A f te r  re m o v in g  the  r u b b e r  sea l  of the  o r ig in a l  M ason  j a r  lid, a 
q u a r t e r - i n c h  ho le  w as d r i l l e d  th ro u g h  i t  and  a hook m a d e  f ro m  h e av y  
c o p p e r  w i r e  w as  a t ta c h e d  w ith  s o ld e r .  Then the  l id s  w e re  p la c e d  on 
g r e a s e d  a lu m in u m  foil w hich  w as  in tu rn  p la c e d  on a ho t p la te  s e t  a t  low 
h e a t .  S t r ip s  of 1 /32" sh ee t  po ly e th y len e  w e re  then  m e l t e d  o v e r  the  l id
g
T his  id ea  w as  f i r s t  su g g es te d  by R o b e r t  P o o r ,  to w hom  th e
a u th o r  i s  indeb ted .
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a s  to give one th ic k n e s s  o v e r  th e  e n t i r e  s u r f a c e  and  a t  l e a s t  fo u r  th i c k ­
n e s s e s  a t  th e  h o le  (2 on e i th e r  s ide) .  A f te r  the  p o ly e th y len e  h ad  m e l te d  
su ff ic ien tly  to a d h e re ,  the  a lu m in u m  fo il  and  l id  w e r e  re m o v e d  f r o m  the  
h o t -p la te  and, w h ile  the  p la s t ic  w as  s t i l l  p l iab le ,  a  j a r  w as  in v e r t e d  
o v e r  the  p o ly e th y le n e  un ti l  i t  r e s o l id i f ie d .  The l a s t  s tep  w a s  ta k e n  to 
p ro v id e  a good s e a l .  N ex t the  p o ly e th y len e  co v e r in g  th e  1 /4"  h o le  w as 
d r i l le d  out w ith  a  c o rk  b o r e r  to f i t  a  s m a l l  g ro u n d  g la s s  s to p p e r .  A l ­
though the  p r o c e d u r e  sounds c o m p lic a te d ,  a  p e r s o n  can  e a s i l y  p r e p a r e  
tw e n ty - fo u r  l id s  in  an e igh t h o u r  p e r io d .
T he  sea l in g  of the  i s o p ie s t i c  c e l l s  w ith  p o ly e th y len e  c o a te d  l id s  
h a s  a t  l e a s t  two d is t in c t  a d v an ta g e s  o v e r  th e  s a r a n  w r  ap - a lu m in u m  foil 
m e th o d  em p lo y ed  e a r l i e r ;  1) o nce  m a d e ,  the  l id s  can  be r e u s e d  and  
r a p id  e q u i l ib r a te r  a s s e m b ly  is  p o s s ib le ,  an d  2) th e  g ro u n d  g la s s  s to p p e r s  
p ro v id e  an  e a s y  m e th o d  of r e s e a l in g  the  a p p a r a tu s  a f te r  a s a m p le  h a s  
been  re m o v e d .
Solvent and  Solu te  P u r i f i c a t io n  
R e a g e n t  G ra d e  c a rb o n  t e t r a c h l o r id e  and b en zen e  w e r e  f u r th e r  
p u r i f ie d  by d i s t i l la t io n  th ro u g h  e i th e r  a  2 7 -p la te  b u b b le -c a p  o r  a 30- 
p la te  v acu u m  ja c k e te d  O ld e rsh aw  co lu m n  a s  d e s c r ib e d  in  P a r t  I. T he  
M ath  es on, C o lem an  and  B ell  te c h n ic a l  g ra d e  1, 2 -d ic h lo ro e th a n e  w as  
s c ru b b e d  w ith  c o n c e n t r a te d  s u l fu r ic  a c id  u n t i l  no f u r th e r  d i s c o lo ra t io n  
of th e  a c id  p h a s e  w as  no ted . (U sually , t h r e e  b a tch e s  w e r e  su ff ic ie n t .  ) 
Then i t  w as  s u c c e s s iv e ly  s c ru b b e d  w ith  w a te r ,  tw enty  p e r c e n t  sod ium
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h y d ro x id e ,  and  ag a in  w ith  w a te r .  F in a l ly  th e  d is so lv e d  w a te r  w as  r e ­
m o v e d  w ith  a n h y d ro u s  c a lc iu m  c h lo r id e  an d  the  p r o d u c t  d i s t i l le d  th ro u g h  
th e  O ld e r  shaw co lu m n  d e s c r ib e d  p re v io u s ly .  A f r a c t io n  boiling  a t  a  c o n ­
s ta n t  u n c o r r e c t e d  81. 5°C , w hich  a m o u n ted  to m o s t  of th e  sam p le ,  w as  
c o l le c te d  fo r  u se .
N - m e th y l - 2 - p y r r o l id o n e  w as  p u r i f ie d  an d  s to r e d  a s  d e s c r ib e d  
e a r l i e r .  The N, N - d im  e th y lac  e ta m id e  a s  o b ta in e d  f r o m  K and K L a b o r a ­
t o r i e s  w as  a p p a re n t ly  in a h igh  s ta te  of p u r i t y  s in c e  i t  w as  clear/,, o d o r ­
l e s s  and  had  a r e f r a c t iv e  in d e x  of 1. 4359 a t  25°C  w hich  c o m p a r e s  f a v o r -
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a b ly  w ith  the  va lu e  of 1. 4359 o b ta in ed  by M eighen  an d  C ole  a f t e r  c a r e ­
fu l p u r i f ic a t io n .  T h e r e f o r e ,  th is  s a m p le  w a s  n o t  f u r th e r  p u r if ie d .  I t 
w as ,  h o w ev er ,  d r ie d  b e fo re  u s e  by s to ra g e  fo r  a  w eek  in  an  e v acu a ted  
d e s ic c a to r  w hich  w as  p ro v id e d  w ith  an h y d ro u s  c a lc iu m  su lfa te  and  p r o ­
te c t e d  f ro m  any  d i r e c t  l ig h t .
P r e p a r a t i o n  and  U se  of th e  C o n s ta n t  W ate r  A c t iv i ty  Solu tions
The c o n s ta n t  w a te r  a c t iv i ty  so lu tio n s  w e r e  p r e p a r e d  u s in g  M a l-
l in c k r o d t  A n a ly t ic a l  R e a g e n t  g ra d e  c o n c e n t ra te d  s u l fu r ic  a c id  w ithout
f u r th e r  p u r i f ic a t io n .  W a te r  a c t iv i t ie s  of th e  so lu t io n s  w e re ,  o b ta ined  in
th e  following m a n n e r ,  A double  p lo t  of w a te r  a c t iv i ty  v s ,  m o la l i ty  a s
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given  by R obinson  and  S tokes  and  d e n s i ty  v s ,  m o la l i ty  a s  o b ta inab le
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f r o m  the  "H andbook" w as  m a d e  f r o m  w hich  a c t iv i ty  v s ,  d e n s i ty  could  
be  ob ta ined , A ll d e n s i t i e s  w e r e  m e a s u r e d  on a d e n s i ty  b a la n c e  c a l i b r a t e d  
w ith  w a te r  a t  2 i° G ,  I t  w as  found th a t  th is  b a la n c e  w ould  re p ro d u c e  a
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d e n s i ty  to w i t h i n 0, 0003 g /m l .  T ab le  V l i s t s  so m e  r e la t io n s h ip s  u s e ­
ful in  o b ta in ing  a p p ro x im a te  a c t iv i t i e s  which, of c o u rs e ,  can  l a t e r  be 
d e te r m in e d  a c c u r a te ly  by m e a s u r in g  the den s ity .
T A B L E  V
A P P R O X IM A T E  RATIO OF COM M ERCIAL C O N C EN TR A TED  
SU LFU RIC ACID (p = 1. 833) TO W ATER FO R  
VARIOUS A C TIV ITIES
^w E x p e c ted  p a t  2 5 °C m l  of H 2S0 ^ / m l  of w a te r
0 .9 5 0 1. 075 155/2000
0. 850 1.166 314/1720
0. 700 1. 249 472/1600
0. 550 1. 314 620/1500
0. 400 1. 378 755/1375
G e n e ra l ly  b e tw een  30-40  m l  of th e  c o n s ta n t  a c t iv i ty  so lu tion  w as  
u s e d  p e r  e q u i l ib r a te r  ce ll .  S ince the  o rg a n ic  so lu tion  v o lum e w as  l e s s  
than  200 m l  and  the  to ta l  w a te r  c o n c e n tra t io n  w as l e s s  th an  0.1 m o l e / l i t e r ,  
on ly  about 0. 4 g of w a te r  w e r e  t r a n s f e r r e d .  The lo s s  of th is  am o u n t of 
w a te r  d o es  n o t  d e tec ta b ly  change  th e  a c t iv i ty  of 30-40  m l  of th e  a c id  s o lu ­
tion.
P r e p a r a t io n  of the  Solu tions  
A ll s a m p le s  w e r e  p r e p a r e d  in  an  id e n t ic a l  m a n n e r .  F i r s t ,  an 
a p p ro x im a te  quan tity  of d ry  N M P w as  ra p id ly  p ip e t te d  in to  a  ta red r  50 m l 
b e a k e r  and  w e ig h ed  im m e d ia te ly .  The pip e t  u s e d  fo r  th is  p u rp o s e  w as a
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g ra d u a te d  5 m l  p ip e t  w ith  a  saw ed  off t ip . D uring  the  2 -3  m in u te s  n e c e s ­
s a r y  fo r  th is  o p e ra t io n  i t  w as  found th a t  no m o r e  than  one m g of w a te r  
w as  a b s o r b e d  by the  s am p le .  T h e re fo re ,  even  fo r  the  s m a l l e s t  sam p le ,  
w hich  w as about 5 g, the  e r r o r  due to w a te r  w as  qu ite  n eg lig ib le .  N ex t 
th e  w e ighed  sa m p le  w as  q u a n t i ta t iv e ly  t r a n s f e r r e d  to a  500 m l  v o lu m e tr ic  
f la s k  w ith  the so lv en t u n d e r  study. W hether  o r  no t the  sam p le  took up 
w a te r  a f te r  i t  w as  w e ighed  w as  of no co n seq u en ce ,  s in ce  the  a c t iv i ty  w as  
to be a d ju s te d  in  the  e q u i l ib ra te r  j a r s .
T h e se  s ta n d a rd  so lu tions  w e re  then  d iv ided  am ong the eq u i l i -  
b r a t o r s  w hich  w e r e  s e a le d  im m e d ia te ly  to m in im iz e  any  ev ap o ra tio n .
F iv e  o r  s ix  of the  25 j a r s  w e re  ra n d o m ly  ch o sen  and  w eighed  on the  s o lu ­
tion  b a lan c e .  T w en ty -fo u r  h o u rs  p r i o r  to sam p lin g  and  a f te r  f ive  days 
of e q u i l ib ra t io n  th e s e  s a m e  s a m p le s  w e re  re w e ig h ed  to check  fo r  lo s s  
of so lven t .  The w o rs e  lo s s  e v e r  r e c o r d e d  w as  a p p ro x im a te ly  3 g r a m s  
ou t of 170, o r  about two p e rc e n t .  H ow ever, in  g e n e ra l ,  the  lo s s  of s o l ­
v en t w as  l e s s  than  one p e rc e n t ,  w hich  i s  a t  l e a s t  a s  a c c u r a te  a s  any 
m e th o d  of a n a ly s is  co n ce iv ed  fo r  th is  la c ta m .
E q u i l ib ra t io n  of the  s a m p le s  w as  a llow ed  to p r o c e e d  fo r  s ix  
days a s  in d ic a ted  above. C h r is t ia n ,  et a l . , and  Johnson^^ h ave  shown 
th a t  v ap o r  p h a se  e q u i l ib ra t io n  of w a te r  b e tw een  a c o n s ta n t  a c t iv i ty  s o lu ­
tion  and so lv en ts  of low so lu b il i ty  is  a m a z in g ly  ra p id .  F o r  exam ple , 
p u r e  b enzene  which d is so lv e s  0. 036 m o l e / l i t e r  of w a te r  a t  25°C, a t ta in s  
an  e ffec t iv e  e q u i l ib r iu m  in  about 12 h o u rs  in  the  a p p a r a tu s  d e s c r ib e d
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above. W ith a  h y d ra t in g  so lu te  p r e s e n t ,  h o w ev er ,  a t t a in m e n t  of e q u i l ib ­
r iu m  w il l  b e  s lo w e r .  But, even  a t  the  h ig h e s t  so lu te  c o n c e n t r a t io n s  used , 
a  to ta l  w a t e r  c o n c e n tra t io n  of on ly  3 to  4 t im e s  th a t  w h ich  w ould  d is so lv e  
in  the  p u r e  so lv en t  w as o b s e rv e d .  T h e re fo re ,  in  th e  c a s e  of b e n ze n e  an 
e q u i l ib ra t io n  t im e  of on ly  36 to 48 h o u r s  shou ld  be su f f ic ie n t  (the e q u i l i ­
b r a t io n  t im e  w ould  be even l e s s  fo r  c a rb o n  te t r a c h lo r id e ) .  A pplying a 
s i m i l a r  a r g u m e n t  to the  h y d ra t io n  s tu d ie s  in  1, 2 -d ic h lo ro e th a n e  (DCE) 
the  m in im u m  t im e  r e q u i r e d  fo r  e q u i l ib r iu m  w ould be  ab o u t 70 to 100 
h o u r s ,  s in c e  i t  r e q u i r e s  a p p ro x im a te ly  36 h o u rs  to r e a c h  w a te r  e q u i l ib ­
r iu m  w ith  p u r e  DCE, and  s in ce  the  h ig h e s t  w a te r  c o n c e n t ra t io n  w ith  s o l ­
u te  p r e s e n t  w a s  on ly  2 to  3 t im e s  th a t  of p u r e  DCE. In  an y  ev en t  the  
s a m p le s  w e r e  a lw ays  le f t  5 day s  f o r  th e  C Cl^ and  6 days  fo r  b en zen e  
and  DCE so lu t io n s  to a s s u r e  the  a t t a in m e n t  of a p r a c t i c a l  e q u i l ib r iu m . 
A d d itiona l ev id en ce  fo r  e q u i l ib r iu m  hav ing  been  r e a c h e d  w a s  o b ta ined  
f r o m  th e  t i t r a t i o n  of one o r  m o r e  s a m p le s  12 to 18 h o u r s  a f t e r  th e i r  i n i ­
t i a l  d e te r m in a t io n .  In e v e r y  c a s e  the  in i t ia l  r e s u l t s  w as  r e p r o d u c e d  to 
w ith in  e x p e r im e n ta l  e r r o r .
To f a c i l i t a te  e q u i l ib ra t io n  the  s a m p le s  w e r e  a l lo w ed  to swing 
f r e e ly  ab o u t  t h e i r  su p p o r t  ro d s  in  the  ba th . At l e a s t  tw e n ty - fo u r  h o u r s  
p r i o r  to sam p lin g ,  how ev er ,  the  j a r s  w e r e  c lam p ed  down so th a t  the  
w a te r  l e v e l  c a m e  up to th e  l id . E ven  though th is  p r e v e n t s  f u r th e r  
ag ita t io n ,  i t  w ou ld  tend  to e l im in a te  any  t e m p e r a t u r e  v a r i a t io n s  th ro u g h ­
ou t th e  e q u i l ib r a to r .  N e a r ly  to ta l  im m e r s io n  w as  p a r t i c u l a r l y  im p o r ta n t
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f o r  th e  15 d e g re e  w o rk  w h e re  th e r e  w as  a  10 to  15°C d if fe re n t ia l  f ro m  
th e  ro o m  t e m p e r a t u r e .  F u r t h e r m o r e ,  the  c e l l s  w e r e  le f t  c la m p e d  w h ile  
s a m p le d  fo r  th e  s a m e  re a s o n .
C o n s ta n t  T e m p e r a tu r e  B ath  
An 8x25dfoot sh e e t  m e ta l  tank  s u p p o r te d  two fe e t  f r o m  the f lo o r  
w a s  e s p e c ia l ly  d e s ig n e d  fo r  the  so lu te  i s o p ie s t i c  m e thod . Two i n s e r t s ,  
each  c o n s is t in g  of two p ie c e s  of sh e e t  m e ta l  s e p a r a te d  by fo u r  in ch  s p a ­
c e r s  and w ith  c o r re s p o n d in g  o n e - q u a r t e r  in c h  h o le s  d r i l l e d  a t  the  c o r ­
n e r s  of fo u r  inch  s q u a r e s  o v e r  th e i r  s u r f a c e s ,  w e r e  p la c e d  in  th e  tan k .  
T h r e e - s ix t e e n th s - in c h  d ia m e te r  w eld ing  ro d s ,  abou t ten  in c h e s  in  leng th , 
w e r e  s l ip p ed  th ro u g h  th e  m a tch in g  h o le s  of th e  i n s e r t s  to a c t  a s  e q u i l i ­
b r a t o r  s u p p o r ts .  T he  e n t i r e  ba th  w ith  i n s e r t s  w as  c o a te d  w ith  epoxy 
p a in t  to m in im iz e  c o r r o s io n  (epoxy p a in ts  a r e  a p p a r e n t ly  s ta b le  i n d e f i ­
n i t e ly  u n d e r  w a te r  bu t h a v e  low r e s i s t a n c e  to a b ra s io n ) .
A deq u a te  s t i r r i n g  is  e s s e n t i a l  fo r  good t e m p e r a t u r e  c o n tro l .
To th is  end, the  ta n k  w as  equipped  w ith  two L i t t l e  G ian t e v a p o ra t iv e  
c o o le r  p u m p s  lo c a te d  m id w ay  on e i th e r  s id e  and  po in ting  in  o p p o s i te  
d i r e c t io n s .  T h is  m e th o d  im p a r te d  v ig o ro u s  m o tio n  to the  w a te r  an d  
t e m p e r a t u r e s  w e r e  found to v a ry  no m o r e  th an  0. 02°C th ro u g h o u t th e  
b a th  a t  a g iven  t im e .  T e m p e r a tu r e  c o n tro l  w a s  p ro v id e d  by the  m e r c u r y -  
i n - g l a s s  r e g u la to r  and  e le c t ro n ic  r e l a y  s y s te m  d e s c r ib e d  e ls e w h e re .
* In g e n e ra l ,  and  even  fo r  w eeks  a t  a  t im e ,  the  t e m p e r a t u r e  v a r i e d  l e s s  
o
th a n  + 0. 05 C w ith  th is  a r r a n g e m e n t .
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T i t r a t io n
All w a te r  t i t r a t i o n s  w e r e  p e r f o r m e d  us in g  the  K a r l  F i s c h e r  
m e th o d  w ith  an  a u to m a t ic  B ec k m a n  K F -3 A q u a m e te r .  T h is  in s t r u m e n t  
o p e r a te s  on a  s e m i - d e a d - s to p  e n d -p o in t  p r in c ip le  u t i l iz in g  th e  fac t  th a t  
w a te r  in  an i n e r t  so lvent, e .g .  m e th a n o l ,  p o la r i z e s  the  p la t in iu m  e l e c ­
t r o d e s .  Thus, w hen  an  eq u iv a len t  a m o u n t  of K a r l  F i s c h e r  re a g e n t  h a s  
b een  added  t h e r e  i s  a  s h a rp  d rop  in  the  r e s i s t a n c e  of the  e le c t ro d e  u n ­
b a lan c in g  the  b r id g e  c i r c u i t  w h ich  c lo s e s  the  t i t r a n t  v a lv e .  T h is  m e th o d  
is  on ly  a  s e m i - d e a d - s to p  m e th o d  s in c e  the  a c tu a l  en d -p o in t  i s  som ew hat 
a r b i t r a r y  b e c a u s e  t h e r e  i s  a  slow  d r i f t  w ith  t im e .  T h e re fo re ,  in  a l l  
th e  t i t r a t i o n s  r e p o r t e d  h e r e ,  an d  in d e e d  in  the  l a b o r a to r y ,  a  va lue  of 30 
seco n d s  w a s  ch o sen  a s  a  s ta n d a rd .  One o th e r  p o in t w o r th  m en tio n in g  
in  r e g a r d  to the  en d -p o in t  i s  th a t  i t  v a r i e s  s l ig h t ly  w ith  th e  r a t e  of d e ­
l iv e ry .
In  any  event, e v e r y  e f fo r t  w as  m a d e  to r e p ro d u c e  th e  conditions  
f r o m  ru n  to  run , w ith  p a r t i c u l a r  e m p h a s is  of the  r a t e  of d e l iv e ry ,  p o s i ­
tion  of th e  e le c t ro d e ,  and  r a t e  of s t i r r i n g .  In g e n e ra l ,  th is  m e th o d  w as 
found to g ive qu ite  s a t i s f a c to r y  r e p ro d u c ib i l i ty  ( se e  fo r  e x am p le  F i g ­
u r e s  VIII and  IX).
The K a r l  F i s c h e r  r e a g e n t  w as  p r e p a r e d  and  s ta n d a rd iz e d  by
75 71the  m e th o d s  of T a y lo r  an d  Jo h n so n . Along w ith  each  s t a n d a r d iz a ­
tion  a u n i t  a c t iv i ty  s am p le  f ro m  a p re v io u s  ru n  w as  r e p e a te d .  G en era l ly ,  
th e  a g r e e m e n t  f r o m  run  to run  w as  w ith in  2 p e rc e n t .  T ab le  VI shows
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th e  so lu b il i ty  of w a te r  in  c a rb o n  te t r a c h lo r id e ,  and  b e n ze n e  and  D C E a s  
d e te r m in e d  f r o m  s e v e r a l  indep en d en t s ta n d a rd iz a t io n s .  A ll u n it  a c t iv i ty  
w a te r  so lu b il i ty  s a m p le s  fo r  so lv en ts  w ith  d e n s i t i e s  g r e a t e r  than  1 g /m l  
w e re  o b ta in ed  u s in g  a  " le n s "  tech n iq u e .  T h is  m e th o d  u t i l i z e s  th e  fa c t  
th a t  the  c o h es iv e  e n e rg y  of w a te r  i s  such  th a t  when 25 m l  of d i s t i l le d  
w a te r  a r e  p la c e d  on top of a  m u ch  l a r g e r  am o u n t of so lven t in  an  e r l e n -  
m e y e r ,  the  w a te r  f o r m s  a r in g  a ro u n d  the  f la sk .  Thus, a  s a m p le  of the  
w a te r  s a tu r a te d  o rg a n ic  so lv en t  can  be  e a s i ly  r e m o v e d  fo r  t i t r a t i o n  f ro m  
the  c e n te r  of the  f la s k  w ithou t f e a r  of co n tam in a tio n .
T A B L E  VI
SOLUBILITY O F  W ATER IN CARBON TETRA CHLO RID E, 
B E N Z E N E  AND 1, 2 -D IC H LO R O ETH A N E (DCE) 15°C
Run
CC14
f ^  ( m o l e / l i t e r )  
B enzene DCE
I 0. 00574 0- 02601 0. 0970
0. 00584 0. 02601 0. 0980
0. 00589 0. 02605 0. 0970
n 0. 00573 0. 02582 0. 0928 '
0. 00588 0. 02586 0. 0929
III 0. 02553 0. 0937
0. 02553 0. 0931
0. 02566 0. 0932
IV 0. 02607
0. 02600
C H A P T E R  m
TR E A T M E N T  OF T H E DATA AND R ESU L TS
S e lf -A ss o c ia t io n  of N - M e th y l - 2 - P y r r o l id o n e  
A s d e s c r ib e d  in  the  e x p e r im e n ta l  c h a p te r ,  the  e x ten t  of s e l f ­
a s s o c ia t i o n  of N - m e th y l - 2 - p y r r o l id o n e  (NMP) in  c a rb o n  t e t r a c h l o r id e  
and  b e n z e n e  w as  in f e r r e d  f r o m  v a p o r  p r e s s u r e  lo w e r in g  d a ta .  The m e a ­
s u r e d  q u a n t i t ie s  ob ta in ed  w ith  th is  m e th o d  a r e  fo r m a l  (an a ly t ic a l)  c o n ­
c e n tra t io n ,  X^, and  p, the  o b s e r v e d  p r e s s u r e .  The o b s e r v e d  p r e s s u r e  
i s  r e a l ly  a  to ta l  p r e s s u r e ;  h o w e v e r ,  i t  i s  taken  a s  th e  p a r t i a l  p r e s s u r e
of the  so lv en t  s in ce  the  p r e s s u r e  of N M P above an id e a l  so lu tion  i s  l e s s
o
than  0. 02 m m  a t  25 C even  fo r  the  h ig h e s t  c o n c e n t ra t io n s .
o
A va lue  of p^ fo r  c a rb o n  t e t r a c h l o r id e  of 114. 08 +_ 0. 05 T o r r
o
a t  25 C w as  o b ta in ed  a s  d e s c r ib e d  in  C h a p te r  II and  i l l u s t r a t e d  in  F ig u r e  
III. T h is  v a lu e  i s  in  good a g r e e m e n t  w ith  the  114. 05 T o r r  c a lc u la te d
f r o m  th e  A nto ine  equation  b ra c k e t in g  th is  t e m p e r a t u r e  a s  g iven  by W e is s -
, 76 b e r g e r ,  e t a l .
V ap o r p r e s s u r e  d a ta  fo r  c o n c e n tra t io n s  of d ip h en y lm e th an e  
(DPM ) b e tw een  0. 02 and  0. 04 m o le  f r a c t io n  a r e  g iven  in  T ab le  VII. '
' A ll T a b le s  and  F i g u r e s  r e f e r r e d  to in  th is  c h a p te r  a r e  a s s e m b le d  
in  n u m e r i c a l  o r d e r  be tw een  p a g e s  73 and 124.
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F i g u r e  IV show s a  p lo t of p vs. e x p ec ted  id e a l  p r e s s u r e  lo w ­
e r in g  is  in d ic a te d  by  th e  so lid  l in e .  As can  be seen , d ip h en y lm  e thane  
a p p e a r s  to b eh av e  id e a l ly  in  th is  c o n c e n tra t io n  reg io n . T ab le  VII a l so  
con ta in s  the  a p p a r e n t  m o le c u la r  w e ig h ts  of DPM  c a lc u la te d  fo r  each  e x ­
p e r im e n ta l  p o in t .  T h e se  m o le c u la r  w e ig h ts  w e r e  o b ta in ed  f r o m  the  f o l ­
low ing r e la t io n s h ip s ,  by a s s u m in g  R a o u l t 's  law  to be  o beyed  and  r e m e m ­
b e r in g  th a t  + X2 = 1;
Pi  ̂ ^ lP °  ~ " ^ 2 ^Pl
w h e re  "2" r e f e r s  to the  so lu te .  R e a r r a n g in g
O -u- O
P - Pi = XgP^
o r
Pi - Pi _ Ap
^ 2  =  5 ----
Pi Pi
but
ë z / ^ 2
g /M ^ + n,^ A
w h e re  i s  the  m o le c u la r  w eigh t of th e  so lu te  and  n^ i s  the  n u m b e r  of 
m o le s  of so lv en t .
T h e re fo re ,  o
M , = Î L  .  f z  . E (3 -L)
A p Ap
E q u a tio n  (3-1) g iv e s  the  a p p a re n t  m o le c u la r  w e ig h t d i r e c t ly  in  t e r m s  of 
th e  m e a s u r e d  q u a n t i t ie s  g2 , n ^  p and Ap i g^  and  n̂  ̂ w e re  d e te r m in e d  f ro m
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w e ig h ed  q u a n ti t ie s ) .  As in d ic a te d  in  the  ta b le  the  a v e r a g e  a p p a re n t  m o l e c ­
u l a r  w eight, 167. 3 3 g /m o le ^ a g r e e s  r e a s o n a b ly  w e l l  w ith  the  t h e o r e t i c a l
v a lu e  of 168. 23 g /m o le .  The a g r e e m e n t  i s  su f f ic ie n t  to conclude  th a t  the 
o ,
m e a s u r e d  p^ i s  n e a r ly  c o r r e c t  fo r  the  so lv en t u sed .
V ap o r  p r e s s u r e  lo w erin g  d a ta  fo r  N M P in  c a rb o n  t e t r a c h lo r id e  
a r e  s u m m a r iz e d  in  T ab le  VIII. T he  so lv en t  p a r t i a l  p r e s s u r e s  r e p o r t e d  
in  th is  ta b le  a r e  fo r  a  c o n c e n tra t io n  ra n g e  of 0. 01 to 0. 05 m o le  f r a c t io n  
of N M P. F ig u r e  V shows a  p lo t  of p vs . fo r  the  da ta  g iven in  th e
T ab le .  T he  so l id  line  in  th is  i l l u s t r a t io n  in d ic a te s  the  p r e s s u r e  lo w e r in g  
e x p ec te d  fo r  an  id e a l  so lu tion . I t  i s  a p p a re n t  f r o m  th is  p lo t  th a t  N M P 
in  c a rb o n  t e t r a c h l o r id e  shows a p o s i t iv e  d ev ia t ion . A ssu m in g  th a t  the  
s o lu te  obeys  H e n r y 's  law  o v e r  the  c o n c e n tra t io n  ra n g e  s tud ied  (up to 5 
m o le  p e rc e n t) ,  a  p o s i t iv e  d ev ia t ion  m a y  be ex p la in ed  by s o lu te - so lu te  
a s s o c ia t io n .  F u r t h e r m o r e ,  a  s e l f - a s s o c i a t i o r  rn ^ ^ ta n t  m a y  be i n f e r r e d  
f r o m  th e  ex ten t of p o s i t iv e  d ev ia t ion . A ssu m in g  in  add ition  only m o n o -  
m e r - d i m e r  e q u i l ib r iu m  to be involved,
2 A = A^ (3 -2 )
an  e q u i l ib r iu m  c o n s ta n t  fo r  r e a c t io n  (3,^2) m a y  be ob ta ined . The fo r m a l  
c o n c e n tra t io n  of N M P m a y  then  be e x p r e s s e d  a s
X
w h e r e  n ^  and n ^  a r e  th e  m o le s  of m o n o m e r  and  d im e r ,  re sp e c t iv e ly ,  
ng i s  the  n u m b e r  of m o le s  of so lven t .  Xj, h o w ev er ,  is  an a n a ly t ic a l
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c o n c e n tra t io n ,  w hile  the  c o n c e n tra t io n  i n f e r r e d  f ro m  p r e s s u r e  m e a s u r e ­
m e n ts  i s  an  a p p a r e n t  m o le  f r a c t io n .  T h e re fo re ,  to p r o p e r ly  ev a lu a te  
an e q u i l ib r iu m  c o n s ta n t  the  f o r m a l  c o n c e n tra t io n  m u s t  be pu t on an  a p ­
p a r e n t  b a s i s .
Since,
^ a  = n  + n  + n  = + ^ 2 0 ^ M  ’M D s
w h e re  the  e q u i l ib r iu m  c o n s ta n t  fo r  r e a c t io n  (3.-2), i t  can  be seen
th a t  m a y  be c o n v e r te d  to an a p p a r e n t  s c a le  by d ividing top and  bottom  
of the  f o r m a l  r e la t io n s h ip  by n ^  + n ^  + n^. Thus,
i  “M + ■'D + “ s ■ ■'M + “ D + “Is
2
Xx, + ZKonX
X f ----------------- ---------
 ̂ ^ 20^ M
w h e re  the  s u p e r s c r i p t  "a"  h a s  b e en  d ro p p ed  s in ce  a l l  fu tu re  u s e s  of s p e ­
c ie s  c o n c e n tra t io n s  w ill  be tak en  on an  a p p a re n t  b a s i s .
Now th a t  the  m o le  f r a c t io n s  h a v e  been  p la c e d  on a  b a s i s  m e a n ­
ingfu l to c o l l ig a t iv e  p r o p e r ty  m e a s u r e m e n t s ,  i t  w ill  be  p o s s ib le  to p r o ­
cee d  w ith  th e  da ta  a n a ly s is .  S ince th e  c o n c e n tra t io n s  w e r e  d e te rm in e d  
by w eigh t th ey  a r e  known m o r e  a c c u r a te ly  than  a r e  the  p r e s s u r e s  and 
in  p a r t i c u l a r  th e  Ap v a lu es .  T h e re fo re ,  a p r o p e r  l e a s t  s q u a r e s  t r e a t ­
m e n t  of v ap o r  p r e s s u r e  lo w e r in g  d a ta  w ould  p la c e  a l l  the  u n c e r ta in ty  in
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th e  p r e s s u r e  d a ta .
ip  = X^p“ = (X ^  + X g)p° = (Xm  + K 2pX^)p° (3-4)
A lthough  K^Q could  be  e x p r e s s e d  in  t e r m s  of the  m e a s u r e d  q u a n t i t ie s ,  
and  p, by e l im in a t in g  f r o m  equations  (3 -3 ) an d  (3-4), i t  w ou ld  be 
found th a t  Ap w as  n o t  a  l i n e a r  func tion  of th e  d im e r  co n s ta n t .  T h e r e f o r e ,  
w e a r e  c o n fro n ted  w ith  th e  p ro b le m  of both p la c in g  th e  e r r o r  in  Ap and 
so lv ing  a n o n - l in e a r  l e a s t  s q u a r e s  a n a ly s i s  p ro b le m  to find  th e  b e s t  
v a lu e  of K2 Q.
The p r o c e d u r e  u s e d  to find  a  l e a s t  s q u a r e s  va lue  of Kgg is  o u t ­
l in e d  below . F i r s t  a  t r i a l  va lue  of K 2 Q, o b ta in e d  g ra p h ic a l ly ,  w as  u s e d  * 
to c a lc u la te  X j^ f r o m  equation  (3 -3) p o in t  by po in t.  Then u s ing  th e s e  
in i t ia l  v a lu es  of Xj^, so lv e n t  p a r t i a l  p r e s s u r e s  w e r e  c a lc u la te d  f r o m  
equation  (3 -5 ) fo r  each  d a tu m .
p. (ca lc) = p“ - (X ^ , + K2„X ^ .)p “ (3-5)
F r o m  each  p^ (ca lc )  a  t e r m  in  e x p re s s io n  (3 -6 )  w as  ob ta ined .
n  2
E = S  (p. - p. (ca lc ))  (n = n u m b e r  of d a ta  p o in ts )  (3 -6)
i  ̂ ^
T he  e n t i r e  p r o c e d u r e  i s  th en  r e p e a te d  u n t i l  a  m in im u m  in  E, the  e r r o r ,  
i s  found.
An i t e r a t i v e  p r o c e d u r e  such  a s  th is  i s  r e a d i ly  ad ap ta b le  to d ig i ­
ta l  c o m p u te r  te ch n iq u es .  In o r d e r  to re d u c e  the  t r i a l  and  e r r o r  p o r t io n  
of th e  te ch n iq u e  o u tl in ed  above, th r e e  v a lu es  of E  w e r e  o b ta in ed  f ro m
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th e  in i t i a l  g u e ss  fo r  i^20’ f r o m  i t s  i n c r e m e n te d  and  d e c r e m e n te d
v a lu e s  (0. 5 p e rc e n t ) .  U sing  the  t h r e e  E  v a lu e s  thus  o b ta in ed  and  a s s u m ­
ing  th e  e r r o r  co n to u r  to  be p a ra b o l ic ,  the  lo c a t io n  of the  m in im u m  can 
be  e a s i ly  e s t im a te d .  The n e x t  va lue  of u s e d  w as  t h e r e f o r e  the  va lue  
a t  th e  c a lc u la te d  m in im u m  in  the  e r r o r  c o n to u r .  W ith th is  m e th o d  c o n ­
v e r g e n c e  i s  v e ry  fa s t ,  p a r t i c u l a r l y  s in ce  th e  p a r a b o l ic  a s s u m p t io n  i m ­
p r o v e s  a s  the  a c tu a l  m in im u m  i s  a p p ro a c h e d .  In r e a l i ty ,  h o w ev er ,  the 
d a ta  w e r e  f i t  a s  a two p a r a m e t e r  p ro b le m , s in c e  r e l i a b le  v a lu es  of p °  
a r e  d iff icu l t  to ob ta in  by  s ta t ic  m e th o d s .  In  the  two p a r a m e t e r  t r e a tm e n t  
of th e  p r e s s u r e  d a ta  th e  m e th o d  o u tl in ed  above w as  r e p e a te d  fo r  th r e e  
v a lu e s  of p^ . One l e a s t  s q u a r e s  f i t  w as  found fo r  th e  e x p e r im e n ta l  p^ 
a n d  two o th e r s  f ro m  th is  v a lu e  in c r e m e n te d  and  d e c r e m e n te d  by 0.1 m m . 
F r o m  th e  e r r o r s  a s s o c ia te d  w ith  th e s e  t h r e e  m in im a  the  o v e ra l l  m i n i ­
m u m  w a s  c a lc u la te d .
T he above t r e a tm e n t  y ie ld e d  v a lu e s  of K^Q = 0. 71 0. 06 (m o le /
l i t e r )  c o n v e r te d  to a  m o la r  b a s i s ,  and  p °  -  114. 04 0. 03 T o r r  and  an
o v e r a l l  ro o t  m e a n  s q u a r e  d ev ia t io n  (RMSD), de fined  a s ,
2
2  (p. - Pi (ca lc ))  / (n  - p) 
i
w h e r e  p i s  the n u m b e r  of p a r a m e t e r s ,  of 0. 08 u n i ts  of p. The e r r o r s
g iven  w ith  the  p a r a m e t e r s  r e p r e s e n t  o n e -c rv a lu es  an d  w e r e  c a lc u la te d
78a c c o rd in g  to the  m e th o d  of C h r is t ia n .  T he  d a sh e d  l in e  in  F ig u r e  V 
c o r r e s p o n d s  to the  p r e s  s u r e - c o n c e n t r a t io n  re la t io n s h ip  c a lc u la te d  f ro m
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the  above  p a r a m e t e r s .
F o r  b en zen e  the  va lue  p °  = 95. 07 T o r r  a t  25 C w a s  o b ta in e d  a s  
d i s c u s s e d  in  th e  e x p e r im e n ta l  s ec t io n .  The v a p o r  p r e s s u r e  lo w e r in g  
da ta  fo r  D PM  in  b en zen e  is  shown in  F ig u r e  VI, As fo r  th e  s a m e  so lu te  
in  c a rb o n  t e t r a c h lo r id e ,  the  a p p a r e n t  m o le c u la r  w e ig h ts  fo r  e ach  e x p e r i ­
m e n ta l  p r e s s u r e  w e r e  c a lc u la te d  f r o m  equation  (3-1) and  a r e  l i s t e d  along 
w ith  the  e x p e r im e n ta l  da ta  in  T a b le  IX. The a v e r a g e  v a lu e  of 169. 0 +
2. 4 g /m o le  i s  in  f a i r  a g r e e m e n t  w ith  the  th e o r e t ic a l 'v a lu e  of 168. 23 g /  
m o le  fo r  DPM, th e re b y  in d ica t in g  th a t  p °  i s  a p p ro x im a te ly  c o r r e c t  fo r  
the  s a m p le  of b en zen e  u sed .
The v a p o r  p r e s s u r e  da ta  o b ta in e d  fo r  c o n c e n tra t io n s  of NM P
b etw een  0. 01 an d  0, 05 m o le  f r a c t io n  w e r e  t r e a t e d  id e n t ic a l ly  w ith  th o s e
fo r  c a rb o n  t e t r a c h l o r id e .  The raw  d a ta  an d  c a lc u la te d  v a lu e s  a r e  g iven
in  T ab le  X. A d im e r iz a t io n  c o n s ta n t  of 0. 39 + 0. 03 ( m o l e / l i t e r ) '^  and
a  p°  of 95.13 0. 02 T o r r  a t  25°C w e r e  found u s in g  th is  m e th o d .  T h e se
p a r a m e t e r s  f i t  th e  e x p e r im e n ta l  d a ta  to an  o v e ra l l  RMSD of 0. 07 u n i ts
of p. A lthough the  c a lc u la te d  v a lu e  of p °  fo r  b en zen e  a g r e e s  w ith  the
95. 22 T o r r  c a lc u la te d  fo r  the  s a m e  t e m p e r a t u r e  f ro m  the  A nto ine  equa-
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tion  given  by W e is s b e r g e r ,  the e x p e r im e n ta l  va lue  d i f f e r s  by 0.16 m m  
of Hg. H o w ev er ,  w h a t  i s  m o r e  im p o r ta n t  to the  p r e s e n t  a p p l ic a t io n  i s  
th a t  the  c a lc u la te d  and  e x p e r im e n ta l  v a lu e s  d if fe r  by only  0. 06 m m  of 
Hg, w hich  i s  j u s t  s l ig h tly  beyond  th e  e s t im a te d  e r r o r  of + 0. 05 m m . The 
re la t io n s h ip  b e tw een  p and  i s  i l l u s t r a t e d  in  F ig u r e  VII, w h e re  the
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d a sh e d  l in e  i s  th e  ex p ec ted  b e h av io r  b a s e d  on the  c a lc u la te d  p °  and  
v a lu es  g iven  above.
S olub ility  of W ate r  in  th e  P u r e  Solvents
T he  so lu b il i ty  of w a te r  in  c a rb o n  te t r a c h lo r id e  a t  25°C  found
fo r  v a r io u s  w a te r  a c t iv i t ie s  ( a ^ )  i s  g iven  in  T ab le  XI. In c lu d ed  in  th is
71ta b le  a r e  so lu b i l i t ie s  p r e d ic te d  a t  the  s a m e  a c t iv i t ie s  u s ing  J o h n s o n 's  
va lue  of 0. 0087 m o l e / l i t e r  fo r  th e  r e c ip r o c a l  H e n r y 's  law  c o n s ta n t
fo r  m o n o m e r ic  w a te r ;  th a t  is ,  the  so lu b il i ty  a t  un it  w a te r  a c t iv i ty .  As 
can  be seen , the  da ta  o b ta ined  in  connec tion  w ith  th is  s tudy  a r e  in  good 
a g re e m e n t  w ith  the  p re d ic te d  v a lu e s .  T h e re fo re ,  = 0. 0087 m o le /  
l i t e r  w as a c c e p te d  fo r  u s e  w ith  the h y d ra t io n  s tu d ie s  in  c a rb o n  t e t r a ­
c h lo r id e  a t  25°C .
T ab le  XII g ives  the  s a m e  type  of d a ta  fo r  the  so lu b il i ty  of w a te r  
in  c a rb o n  t e t r a c h lo r id e  a t  15°C. Since the  so lu b il i ty  of w a te r  a t  15°C 
had  no t p r e v io u s ly  been  r e p o r te d  f ro m  th is  l a b o ra to ry ,  a p lo t  of f ^ ,  the 
f o r m a l  w a te r  c o n ce n tra t io n ,  v s .  a-yy w as  p r e p a r e d .  P lo t te d  in  th is  m a n ­
n e r ,  i t  w as  a p p a r e n t  th a t  w ith in  th e  e s t im a te d  e x p e r im e n ta l  e r r o r  of +
0. 0005 m o l e / l i t e r  a  l in e a r  re la t io n s h ip  e x is t s  be tw een  w a te r  so lu b il i ty
o
and  a c t iv i ty  in  c a rb o n  t e t r a c h lo r id e  a t  15 C. The l a t t e r  r e s u l t s  in d ic a te  
th a t  w a te r  e x is t s  p r i m a r i l y  a s  th e  m o n o m e r  in  c a rb o n  t e t r a c h lo r id e  a t  
th is  t e m p e r a t u r e  a s  i t  does a t  25°C . A  s ta n d a rd  l e a s t  s q u a r e s  t r e a t ­
m e n t  a s s u m in g  a-yy to be f r e e  of e r r o r  and  the  e r r o r s  in  f ^  to be n o r ­
m a l ly  d is t r ib u te d ,  gave = 0. 0057 m o l e / l i t e r .  A c o m p a r is o n  of the
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o a ^ 1 r* 4- a  f  ̂  w*e x p e r im e n ta l  w a te r  so lu b il i ty  and th o s e  c a lc u la te d  f ro m  = 0. 0057
(a-y^) a r e  a lso  g iven  in  T ab le  XII.
S o lu b i l i t ie s  of w a te r  a t  s e v e r a l  a c t iv i t ie s  in  p u re  DCE a t  25°
and  15°C a r e  r e p o r te d  in  T a b le s  XIII and  XIV, r e s p e c t iv e ly .  P lo t s  of
f ^  v s .  a-ŷ  fo r  both t e m p e r a t u r e s  show a  d e fin ite  p o s i t iv e  c u rv a tu re ,
79w hich  a g r e e s  q u a l i ta t iv e ly  w ith  th e  r e la t io n s h ip s  found by Jo h n so n  a t  
25 and 10 C. H ow ever , the  a v e r a g e  va lue  a t  2 5 °C fo r  = 1 i s  abou t 
3% h ig h e r  than  p re v io u s ly  r e p o r te d .  T h e re fo re ,  i f  the  sa m e  s p e c ie s  
(m o n o m e r» t r im e f )a n d  e q u i l ib r iu m  c o n s ta n t  i s  a s s u m e d  fo r  th e  25°C  data, 
a  Cyy of 0.110 m o l e / l i t e r  i s  ob ta ined , w hich  i s  only  s l ig h tly  h ig h e r  than  
th e  va lue  of 0.1083 -1 0. 0007 m o l e / l i t e r  r e p o r t e d  e a r l i e r .  T re a t in g  the  
15°C da ta  s im i la r ly ,  but u s in g  th e  t r i m e r  cons tan t,  K ^ q = 12 ( m o l e / l i t e r ) " ^ ,  
in te rp o la te d  f r o m  J o h n s o n 's  10 and 25°C d a ta  co m bined  w ith  L i n 's ^ ^  35°C 
w ork , a of 0. 080 m o l e / l i t e r  w as  found, w h ich  is  in  r e a s o n a b le  a g r e e ­
m e n t  w ith  the  in te rp o la te d  C° of 0. 079 m o l e / l i t e r .
W
o
V alu es  of fyy c a lc u la te d  f ro m
u s in g  the  r e s p e c t iv e  and  v a lu es  fo r  25 and 15°C a r e  o f f e re d  fo r  
c o m p a r iso n  in  T a b le s  XIII and  XIV.
A p lo t of f ^  vs. fo r  w a te r  in  b en zen e  a t  15°C s u r p r i s in g ly  
show ed a s l ig h t  p o s i t iv e  c u rv a tu re ,  w h ich  in d ic a te s  the  p r e s e n c e  of w a te r  
s p e c ie s  o th e r  than  m o n o m e r .  S ince the  so lu b il i ty  of w a te r  a s  a  func tion  
of a c t iv i ty  a t  15°C h a d  n o t  been  p re v io u s ly  d e te r m in e d  in th is  l a b o ra to ry .
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th e  so lu b il i ty  m e a s u r e m e n t s  w e r e  r e p e a t e d  a s  in d ic a te d  by  th e  c i r c l e s
a n d  s q u a r e s  in  F ig u r e  VIII. Noting th a t  the  a g r e e m e n t  w as  s a t i s f a c to ry ,
th e  co m bined  da ta  w e r e  su b je c te d  to a  s ta n d a r d  l e a s t  s q u a r e s  t r e a tm e n t
u s in g  the  fo llowing r e la t io n ,  w h e re  th e  so lu te  h a s  b een  a s s u m e d  to  obey
H e n r y 's  law ,
o o o m  o .n
an d  le t t in g  m  v a r y  f ro m  0 to 4 and  n f r o m  0 to  6. A ll th e  l e a s t  s q u a r e s
so lu tio n s  to g e th e r  w ith  t h e i r  r e s p e c t iv e  o v e r a l l  RMSD fo r  each  s e t  of
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s p e c ie s  t r i e d  i s  co m p ile d  in  T ab le  XVI. A p p lica t io n  of the  fo rm u la ;
ARMSD = (3-7)
w h ich  g ives  in fo rm a t io n  re g a rd in g  the  s t a t i s t i c a l  s ig n if ic a n ce  of a  change  
in  RMSD w ith  the  n u m b e r  of p a r a m e t e r s ,  in d ic a te s  an  i n c r e a s e  (with n  = 
38, and  p = 2) of 8 p e r c e n t  in  any  RMSD v a lu e  above  RM SD(min) w ould  
be ev id en ce  a g a in s t  th a t  p a r t i c u l a r  s e t  of s p e c ie s .  Applying the  s a m e  
a rg u m e n t  in  a n o th e r  d ire c t io n ,  i t  can be  s ta t e d  th a t  i f  the  ad d itio n  of 
a n o th e r  p a r a m e t e r  does  n o t  g ive  a  d e c r e a s e  of 8 p e r c e n t  in  RMSD then  
th e  new f i t  i s  n o t  s t a t i s t i c a l ly  s u p e r io r .  I t  can  be  s e e n  f r o m  the  v a lu e s  
of RMSD l i s t e d  in  T ab le  XVI, th a t  a s s u m in g  on ly  m o n o m e rs  does n o t  
l e a d  to a  s a t i s f a c to r y  f i t  and  a lso  th a t  no t h r e e - p a r a m e t e r  f i ts ,  w hich  
h a v e  a l l  t h e i r  c o n s ta n ts  p o s i t iv e ,  give a  s t a t i s t i c a l ly  s ig n if ic a n t  d e c r e a s e  
in  th e  o v e ra l l  e r r o r .  F u r t h e r m o r e ,  of the  t h r e e  p o s s ib le  two p a r a m e t e r s  
f i t s  c o n s id e re d  p h y s ic a l ly  r e a s o n a b le  only  th e  m o n o m e r ^ t è t r a m e r  :sp ec ie s
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m a y  be  excluded  on p u re ly  a  s t a t i s t i c a l  b a s i s .  Thus, only  two s e t s  of 
w a te r  s p e c ie s  would s e e m  to a d eq u a te ly  explain  the  so lu b i l i ty  da ta  in 
b e n zen e  a t  15°C; m o n o m e r - d i m e r  and  m o n o m e r - t r i m e r .  N o tew orthy  
i s  th e  fa c t  th a t  ch an g es  l e s s  than  6% fo r  a l l  the  p h y s ic a l ly  s ig n if ic an t
c a s e s .  T he  e q u i l ib r iu m  c o n s ta n ts  a s s o c ia te d  w ith  th e s e  s p e c ie s  a r e ;  ^ 2 0
-1 -2  = 3 . 8 ( m o l e / l i t e r ) '  and  Kg g = 67 ( m o l e / l i t e r )  . A t r i m e r  c o n s ta n t  of
th is  o r d e r  of m ag n itu d e  im p l ie s  a  s p e c ie s  c o n c e n tra t io n  of only  0, 0009 
m o l e / l i t e r ,  w hich  c o n tr ib u te s  0. 0026 m o l e / l i t e r  to th e  fo r m a l  c o n c e n t r a ­
tion, o r  s ta t e d  a n o th e r  way, the  p o ly m e r iz e d  w a te r  c o n tr ib u te s  about .10% 
to th e  a n a ly t ic a l  c o n ce n tra t io n .  The so lid  l in e  in  F ig u r e  VIII i s  fo r  the  
t r i m e r  f i t  and  the  d a sh e d  l in e  in d ic a te s  th e  change  in  th e  m o n o m e r  c o n ­
c e n t r a t io n  w ith  a c t iv i ty .  T ab le  XV shows the  so lu b il i ty  of w a te r  in b e n ­
zene  a t  15°C a s  a function  of a ^ ,  and  f ^  v a lu es  c a lc u la te d  f r o m  KgQ =
67 ( m o l e / l i t e r )  \  By w ay  of c o m p a r iso n  of w a te r  s o lu b i l i t ie s  in  benzene
a t  15°C, Taylor*^^ r e p o r te d  f ^  = 0, 0265 m o l e / l i t e r .  M oule  and  T h u rs to n , 
o
f ^  = 0. 0261 m o l e / l i t e r  both  of w hich  a g r e e  w ell w ith  th e  l e a s t  s q u a r e s  
v a lue  of 0. 0260 m o l e / l i t e r  r e p o r t e d  h e r e .
T he data  ob ta in ed  fo r  the  so lu b il i ty  of w a te r  in  b en zen e  a t  25°C 
a r e  d e p ic ted  in  F ig u r e  IX and  c o m p iled  in  T ab le  XVII. S im i la r  to the  
s y s te m  w a te r -b e n z e n e  a t  15°C, t h e r e  i s  a s l ig h t  p o s i t iv e  c u r v a tu r e  in  the 
f-\y v s .  ayf  p lo t  and the  d a ta  w e r e  re p ro d u c ib le .  H ow ever, s in ce  th is  
s l ig h t  c u r v a tu r e  h a d  no t b een  n o te d  by p re v io u s  in v e s t ig a to r s ,  a c a re fu l  
ch ec k  fo r  p o s s ib le  s y s te m a t ic  e r r o r s  w as  m a d e .  In the  seco n d  d e te rm in a t io n
64
of th e  so lu b il i ty  of w a te r  in  b en zen e  a t  25°C, a t  l e a s t  f ive  i t e m s  of the 
e x p e r im e n ta l  te ch n iq u e  w e re  v a r ie d :  1) the  c o n s ta n t  a c t iv i ty  so lu t io n s  wen? 
p la c e d  on th e  bo ttom  of the  e q u i l ib ra to r  c e l l  in  ta l l  fo r m  200 m l  b e a k e rs ,  
2) th e  e q u i l ib r a te r s  w e r e  i m m e r s e d  up to  the  l i d  in  the  c o n s ta n t  t e m p e r ­
a tu r e  ba th  fo r  th e  d u ra t io n  of the  e x p e r im en t ,  3) so m e  of th e  su lfu r ic  
a c id  a c t iv i ty  so lu t io n s  w e re  r e p la c e d  by c o r re s p o n d in g  c a lc iu m  c h lo r id e  
so lu t io n s ,  4) n e w ly - p r e p a r e d  su l fu r ic  a c id  so lu tions  w e r e  u s e d  a t  so m e  
a c t iv i t ie s  and  5) d i f fe re n t  s a m p le  s iz e s  w e r e  u s e d  fo r  the  seco n d  s e t  of 
t i t r a t i o n s .  T he  da ta  f r o m  th is  seco n d  ru n  a r e  d is t in g u ish e d  f ro m  the  
f i r s t  in  F ig u r e  IX by s q u a r e s  fo r  su l fu r ic  a c id  a c t iv i ty  and  h ex ag o n s  fo r  
c a lc iu m  c h lo r id e  a c t iv i ty  so lu tio n s .  G e n e ra l ly  the  a g r e e m e n t  w as  s a t i s ­
f a c to ry  and e i th e r  to g e th e r  o r  s e p a r a te ly  both ru n s  show th e  s a m e  s l ig h t
p o s i t iv e  c u r v a tu r e .  T h e re fo re ,  a l l  th e  da ta  w e r e  u s e d  fo r  the  l e a s t
o
s q u a r e s  analys is ,  a s  d e s c r ib e d  fo r  w a te r  in  b en zen e  a t  15 C.
In T ab le  XVII the  raw  d a ta  a r e  r e p o r te d  fo r  th e  so lu b il i ty  of 
w a te r  in  b e n ze n e  a t  25°C  and in  T ab le  XVIII,a c o m p a r is o n  of th e  l e a s t  
s q u a r e s  f i t s  a s s u m in g  v a r io u s  s p e c ie s .  Using th e  m e th o d  of a n a ly s is  
th a t  w as  a p p l ie d  to w a te r  in  b en zen e  a t  15°C, i t  can  be s e e n  th a t  once 
ag a in  none of the  t h r e e - p a r a m e t e r s  f i t s  t r i e d  shows a s ig n if ic a n t  im p r o v e ­
m e n t  o v e r  tw o - p a r a m e te r  c a s e s .  C o n t r a ry  to th e  15°C c a s e ,  h ow ever , 
the  m o n o m e r - d i m e r  a s s u m p t io n  a p p e a r s  to be s ta t i s t i c a l ly  in f e r io r  to 
the  m o n o m e r - t r i m e r  and m o n o m e r - t e t r a m e r  a s s u m p t io n s .  P e r h a p s  
s ig n if ican tly , the  only  two p a r a m e t e r  f i t  w hich  s a t i s f i e s  both  th e  15° and
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25°C  w a te r  d a ta  in  b en zen e  i s  th a t  c o r re sp o n d in g  to  a  m o n o m e r - t r i m e r
s p e c ie s .  The t r i m e r  e q u i l ib r iu m  c o n s ta n t  i s  32 ( m o l e / l i t e r )  ^ and
is  0, 0330 m o l e / l i t e r .  Thus, a t  25 C and  u n it  w a te r  a c t iv i ty  t h e r e  w ould
be a  t r i m e r  c o n c e n tra t io n  of 0. 0012 m o l e / l i t e r ,  w hich  c o n t r ib u te s  0. 0035
m o l e / l i t e r  to the  fo r m a l  c o n c e n tra t io n .  N o te  th a t  a lthough  th e  25 C t r i m e
c o n s ta n t  i s  only  o n e -h a lf  th e  va lue  a t  15°C th e  t r i m e r  c o n c e n tra t io n  is
s l ig h tly  g r e a t e r ,  a fa c t  w h ich  r e f l e c t s  the  g r e a t e r  w a te r  so lu b i l i ty  a t  25°C
F o r  c o m p a r iso n ,  the  u n it  a c t iv i ty  so lu b i l i ty  va lue  of 0. 0365 m o l e / l i t e r
75found in  th is  s tudy  i s  in  f a i r  a g r e e m e n t  w ith  the  v a lu e s  of 0. 0365,
0. 0359, and  0. 0347*^^ m o l e / l i t e r  r e p o r t e d  in  L i t e r a t u r e .  (H ow ever, 
fo r  a  c o m p re h e n s iv e  d is c u s s io n  of w a te r  so lu b i l i t ie s  in  b e n ze n e  see  r e f ­
e r e n c e s  75 and  71. )
H y d ra t io n  S tud ies  
The h y d ra t io n  d a ta  fo r  N M P and  N, N -d im  e th y lac  e ta m id e  in  a l l
so lv en ts  s y s te m s  w e rg t re a te d  id e n t ic a l ly .  T h e re fo re ,  the  t r e a tm e n t  of 
the  da ta  w il l  be  d i s c u s s e d  g e n e ra l ly .
F r o m  th e  m e th o d  of h y d ra t io n  s tudy  em ployed , the  m e a s u r e d  
q u a n ti t ie s  a r e :  f ^ ,  the  fo r m a l  c o n c e n tra t io n  of w a te r  in  th e  so lv en t-  
so lu te  s y s te m s ;  f^ ,  the  fo r m a l  c o n c e n tra t io n  of l a c t a m  o r  am id e ;  and 
f ^ ,  the so lu b il i ty  of w a te r  in  th e  p u r e  so lv en t  a t  the  s a m e  a c t iv i ty .  Thus, 
a s s u m in g  a  s e t  of s p e c ie s  and  th a t  th e  in d iv idua l s p e c ie s  obey  H e n r y 's  
law  o v e r  th e  c o n c e n tra t io n  ra n g e  s tu d ied  ( l e s s  than  5 m o le  p e rc e n t ) ,  f ^  
m a y  be  e x p r e s s e d  a s  fo llows;
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w h e r e  and  a r e  the  m o n o m e r  c o n c e n tra t io n  of l a c t a m  o r  am id e  
and  of w a te r ,  an d  K^j i s  th e  fo rm a t io n  c o n s ta n t  fo r  s p e c ie s  A / W y  In 
p r in c ip le  th e  u p p e r  l im i t  of th is  s u m m a tio n  could  be an y  v a lu e  of n, bu t 
f r o m  c o n s id e ra t io n  of the  type  of i n t e r a c t io n s  and the  low c o n c e n tra t io n s  
of th e  a s s o c ia t in g  m o le c u le s  i t  s e e m s  r e a s o n a b le  to l im i t  n to 2 o r  3 fo r  
th e  in i t ia l  a t t e m p ts  a t  c u rv e  f i t t ing  th e  h y d ra t io n  da ta . A n o th e r  p o in t 
th a t  shou ld  be  m a d e  b e fo re  the  d i s c u s s io n  o f  the  da ta  t r e a tm e n t  tech n iq u e  
i s  begun i s  th a t  the  fo r m a l  c o n c e n t ra t io n  of w a te r  w ith  so lu te  p r e s e n t  
w il l  a lw ay s  be  e x p r e s s e d  a s  Af-^i th e  bound w a te r .  T h is  q u an tity  i s  o b ­
ta in e d  s im p ly  by s u b tra c t in g  th e  a m o u n t  of w a te r  d is so lv e d  in  the  p u re  
so lven t, f-yy, a t  a  g iven a c t iv i ty  f r o m  the  fo r m a l  w a te r  co n ce n tra t io n ,  
f ^ ,  found fo r  a  g iven  so lu te  c o n c e n t ra t io n  a t  th e  s a m e  a c t iv i ty .  Thus,
J J
P lo t s  of ^f-yy a g a in s t  f ^  w e r e  q u a l i ta t iv e ly  s i m i l a r  fo r  a l l  seven  
s y s te m s  s tu d ie d  in  th a t  a  p ro n o u n c e d  p o s i t iv e  c u r v a tu r e  w a s  a p p a re n t .  
H o w ev er ,  th e  c u r v a tu r e  d e c r e a s e d  in  the  o r d e r ,  c a rb o n  te t r a c h lo r id e ,  
b en zen e  and  D C E a s  i l l u s t r a t e d  in  F igure-s-X I th ro u g h  XVII. A p o s i t iv e  
c u r v a tu r e  in  a  p lo t  of th is  type  in d ic a te s  th a t  s p e c ie s  o th e r  than  m o n o m e r-
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m o n o h y d ra te  (AW) a r e  p r e s e n t  in  d e te c ta b le  c o n c e n t ra t io n s .  F u r t h e r  i n ­
f e r e n c e s  can  be r e a c h e d  f r o m  th e s e  raw  da ta  g ra p h s .  F o r  exam p le ,  the 
p o s i t iv e  c u r v a tu r e  m a y  be  due to  the  fo rm a t io n  of a  m o n o m e r - d ih y d r a t e  
(AWg), o r  to the  fo r m a t io n  of a m o n o h y d ra te  of a  h ig h e r  oi*der N M P s p e ­
c ie s ,  such  a s ,  a  d im e r -m o n o h y d ra te  (A^'W). Ig n o r in g  fo r  the  m o m e n t  
the  e ffec ts  of the  s e l f - a s s o c i a t io n  of NM P, the  l a t t e r  p o s s ib i l i ty  m a y  be 
ch eck ed  g ra p h ic a l ly .  If on ly  AW and AgW s p e c ie s  a r e  p r e s e n t  then;
and
T h e re fo re ,
o r
Then
- ^ 11^A*"W + ^ Z l^ A ^ W
Ca  -  fA - ^^W
Af,"W " ^l^^A ■ ^%)^W + ^2l(^A ■ ^%^^W 
o r  a l t e r n a te ly
“ % (^ A  “ ^% )^W  ^ 2 l(^ A  " A%)&W
Since
^W  ~ ^ W ^ W  ^11 == ^ l l ^ W
C onsequen tly , i f  the  above a s su m p tio n  i s  c o r r e c t ,  a  p lo t  of v s .  ( f ^  
Af-yy-)a^ should  be  a  s ing le  l in e  showing a  p o s i t iv e  dev ia t io n  fo r  a l l  the
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w a te r  a c t iv i t ie s ,  a ^ ,  s tud ied . T h is  p lo t  i s  shown in  F ig u r e  X fo r  N M P 
in c a rb o n  t e t r a c h lo r id e  a t  15°C. I t  can  be  s e e n  th a t  th e  da ta  do n e a r ly  
fo r m  a s ing le  l in e  and  th a t  no a p p re c ia b le  s y s te m a t ic  t r e n d  fo r  d i f fe re n t  
a c t iv i t ie s  i s  d e tec ta b le .  The l a t t e r  o b s e rv a t io n  m a y  be tak en  to m e a n  
th a t  a  d ih y d ra te  s p e c ie s  does  n o t  m a k e  a l a r g e  co n tr ib u t io n  to  in 
c a rb o n  te t r a c h lo r id e .  S im i la r  p lo ts  fo r  N M P in  b e n zen e  and  DCE g e n ­
e r a l ly  show the  s a m e  b e h a v io r  excep t th a t  s y s te m a t ic  d ev ia t ions  am ong 
th e  v a r io u s  a c t iv i t ie s  b e c o m e  m o r e  ap p a ren t ,  p a r t i c u l a r ly  w ith  th e  s tu d ie s  
in  th e  l a t t e r  so lven t.
G ra p h ic a l  e s t im a te s  such  a s  th is  a r e  e s s e n t i a l  to ob ta in  a  b a s i s  
fo r  su b seq u en t n u m e r ic a l  a n a ly s is  te ch n iq u es .  Thus, the  in i t ia l  r e l a t i o n ­
sh ip s  u s e d  fo r  c u rv e  f i t t in g  w e re ;
^ ^ l l ^ A ^ W  ^ 2 ^ A ^ W  ^ ^ Z l^ A ^ W
an d
w h e r e  f^ ,  A f^  and  a r e  m e a s u r e d  q u a n t i t ie s .
The l e a s t  s q u a r e s  m e th o d  em ployed  fo r  c u rv e  f it t ing  th e  h y d r a ­
tion  d a ta  i s  s im i la r  to th a t  u s e d  fo r  the  v ap o r  p r e s s u r e  lo w erin g  da ta  d i s ­
c u s s e d  e a r l i e r .  In the  p r e s e n t  ap p lica t io n  we h a v e  the  following s itua tion ;
C ^ ;  ) (3 -8 )
and
Af-w -  ^(C^, G-^; K^j) (3 -9 )
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w h e r e  and K — a r e  unknown. G e n e ra l ly ,  i s  known m o r e  a c c u r a te ly  
th an  T h e re fo re ,  a  p r o p e r  a n a ly s is  w ould  p la c e  a l l  the  e r r o r  in  the
bound  w a te r .  F u r t h e r m o r e ,  if  a  s e t  of e q u i l ib r iu m  c o n s ta n ts ,  a r e
c h o se n  and  e l im in a te d  b e tw een  equa tions  (3 -8 )  and  (3-9), i t  w ould  be 
s e e n  th a t  Af-^ is  n o t  a  l i n e a r  function  of the  K - .  C onsequen tly , w e a r e  
fa c e d  w ith  a  n o n - l in e a r  l e a s t  s q u a r e s  a n a ly s i s  p r o b le m  involv ing  a t  l e a s t  
t h r e e  a d ju s tab le  p a r a m e t e r s .
T he  co m p u ta t io n a l  p r o c e d u r e  fo llow ed  i s  o u tl in ed  below . A fte r  
a s e t  of K^j h a d  b e en  e s t im a te d  g ra p h ic a l ly ,  th e y  w e r e  u s e d  to  c a lc u la te  
p o in t by  po in t f r o m  equation  (3-8). T h e s e  v a lu e s  of and  the  s a m e  
s e t  of c o n s ta n ts  w e r e  u s e d  to c a lc u la te  the  c o n c e n tra t io n  of bound w a te r ,  
Af-^(calc. ), in  the  s a m e  m a n n e r .  F o r  each  da tu m  a  t e r m  in  the  fo llowing 
su m  w as  ob ta ined .
A f^  - Af-ŷ  (c a lc .  )
w h e r e  n  i s  the  n u m b e r  of d a ta  fo r  the  s y s te m  in  q u e s t io n  (about 60). The 
p u rp o s e  of a  l e a s t  s q u a r e s  m e th o d  is ,  of c o u rs e ,  to m in im iz e  the sum  
of th e  r e s id u a l  e r r o r s ,  E , The m in im iz a t io n  of E  fo r  a  l i n e a r  c a s e  i s  
s t r a ig h t fo rw a rd .  H ow ever, fo r  th e  n o n - l in e a r  c a s e  a  s e a r c h  m e th o d  
i s  n e e d e d  to find the  m in im u m  in  the  e r r o r  s u r f a c e .  The s e a r c h  t e c h ­
n ique  em ployed  in  the  p r e s e n t  p ro b le m  v/as s i m i l a r  to  the  " P a r t a n "
g 2
m e th o d  a s  d e s c r ib e d  by W ilde.
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Silen  and  C h r i s t i a n  h ave  shown th a t  the  e r r o r  co n to u r  a s s o ­
c ia t e d  w ith  two a d ju s ta b le  p a r a m e t e r s  i s  an e l l ip t ic a l  p a ra b o lo id  in  the
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v ic in i ty  of the  m in im u m ; th a t  is ,  a  co n tou r  w hich  i s  p a ra b o l ic  in  any  
v e r t i c a l  c r o s s - s e c t i o n  and  e l l ip t ic a l  in  any  h o r iz o n ta l  c r o s s - s e c t i o n .  
T h e re fo re ,  the  d ig i ta l  c o m p u te r  m e th o d  u s e d  to f ind  the  m in im u m  in  the  
e r r o r  s u r f a c e  a s s o c ia te d  w ith  2 p a r a m e t e r s  u t i l i z e d  the  fa c t  th a t  a  v e r ­
t i c a l  p a r a b o la  can  be e s t im a te d  f r o m  any t h r e e  p o in ts  in  sp ace .  By 
ho ld ing  one of th e  two p a r a m e t e r s  c o n s ta n t  w h ile  v a ry in g  the  o th e r  a  
v e r t i c a l  c r o s s - s e c t i o n  of th e  s u r f a c e  is  ob ta ined . S ince  th is  c r o s s - s e c ­
tion  i s  p a ra b o l ic ,  e r r o r s  w e r e  o b ta ined  f r o m  t h r e e  c lo s e ly  sp aced  v a lu es  
of th e  v a r ia b le  p a r a m e t e r .  F r o m  th e s e  th r e e  e r r o r  v a lu e s  the  lo c a t io n  
of the  m in im u m  in  the  p a r a b o la  w as  e s t im a te d .  T hen  new  e r r o r s  w e r e  
found f o r  t h r e e  p o in ts  abou t th is  new  va lue  of th e  p a r a m e t e r  and a n o th e r  
m in im u m  e s t im a te d .  R ep e ti t io n  of th is  p r o c e d u r e  con tinued  u n ti l  the  
v a lu e s  of the  p a r a m e t e r  a t  the  e s t im a te d  m in im ia  a g r e e d  w ith in  0. 2 p e r ­
cen t.
N ext the  seco n d  p a r a m e t e r  i s  in c r e m e n te d  by a  s m a l l  va lu e  and  
th e  e n t i r e  p r o c e d u r e  i s  r e p e a te d  to find the  m in im u m  in  th is  new v e r t i c a l  
c r o s s - s e c t i o n  p a r a l l e l  to th e  f i r s t .  The  l in e  of s t e e p e s t  d e sc e n t  to w a rd  
th e  a b so lu te  m in im u m  is  ta k e n  a s  th a t  connec ting  th e s e  two m in im a .  
F u r t h e r  s e a rc h in g  fo r  the  o v e r a l l  m in im u m  i s  then  confined  to th is  l in e .
To i n s u r e  th a t  the  a b so lu te  m in im u m  found f r o m  the  f i r s t  t r y  w as  in d eed  
th e  t r u e  m in im u m  in  th e  e r r o r  su r fa ce ,  the  e n t i r e  p r o c e d u r e  w as  r e p e a te d  
u s in g  the  v a lu es  of the  p a r a m e t e r s  a t  the  f i r s t  o v e r a l l  m in im u m . G en ­
e r a l ly  th e  second  m in im u m  w as  n o t found to d if fe r  d r a s t i c a l ly  f ro m  the
71
f i r s t .  T he  v a lu e s  of the  a d ju s ta b le  p a r a m e t e r s  a t  the  f in a l  m in im u m  
a r e  th e  l e a s t  s q u a r e s  v a lu e s .
In add ition  to the  b e s t  va lu e  of the  e q u i l ib r iu m  co n s ta n ts ,  the  
e r r o r s  in  th e  p a r a m e t e r s  a r e  a l so  need ed . F o r  exam ple , a co n s ta n t  
w ith  an  e r r o r  of i t s  own m a g n itu d e  p ro b a b ly  w ould n o t  r e f l e c t  a  v e ry  i m ­
p o r ta n t  s p e c ie s  in  so lu tion . T h e re fo re ,  a f t e r  th e  f in a l  m in im u m  h a s  been
78found th e  r e la t io n  of C h r is t ia n
ARMSD = M gS fe in )
2(n - p)
i s  u s e d  to e ffec t iv e ly  m a k e  a  h o r iz o n ta l  c r o s s - s e c t i o n  th ro u g h  the  e r r o r  
co n to u r  a t  a  h e ig h t  of ARMSD above  the  a b so lu te  m in im u m . F r o m  the 
e l l ip s e  thus  defined, i t  w as  p o s s ib le  to find  the  p a r a m e t e r s  of th e  re la t io n
ARMSD = AAx^ + BAy^ + CAxAy (3-10)
w h e re  the  o r ig in  of th e  c o o rd in a te  s y s te m  h a s  been  a r b i t r a r i l y  tak en  a s  
the  c e n te r  of the  e l l ip se  and  w h e re  x and  y r e f e r  to the  e q u i l ib r iu m  c o n ­
s ta n ts  in  q uestion , f ro m  s ix  v a lu e s  of the  a d ju s ta b le  p a r a m e t e r s ;  th a t  is ,
X and  y, x  an d  y s e p a r a te ly  in c r e m e n te d  and  d e c re m e n te d ,  and  f ro m  x
and  y in c r e m e n te d  s im u l ta n e o u s ly .  O nce  A, B and  C h av e  been  o b ta ined
83Ax an d  Ay cou ld  be  c a lc u la te d  f r o m  equation  (3-10). I t  h a s  b een  shown 
th a t  Ax and Ay ob ta ined  f r o m  the  p o in ts  of co n tac t  of th e  v e r t i c a l  and  h o r iz o n ­
ta l  ta n g e n ts  to the  s ta n d a rd  e r r o r  e l l ip se  r e p r e s e n t  o n e -  a  va lu e  in 
th e s e  e q u i l ib r iu m  c o n s tan ts .
I l
T h r e e - p a r a m e t e r  f i t s  w e r e  o b ta in ed  u s in g  th e  s a m e  p r o g r a m  
and  v a ry in g  the  th i r d  e q u i l ib r iu m  co n s ta n t  " m a n u a l ly .  " I t  w as  then  pos ­
s ib le  to c a lc u la te  the  a b so lu te  m in im u m  f ro m  th r e e  e r r o r  v a lu e s  n e a r  
th e  a b so lu te  m in im u m  a s s o c ia te d  w ith  th e s e  f i t s .  O n e -  0 v a lu e s  of the  
e r r o r  in  the  t h i r d  p a r a m e t e r  w e r e  o b ta in ed  g ra p h ic a l ly .  In te re s t in g ly ,  
i t  w as  found f ro m  the t h r e e - p a r a m e t e r  f i t s  th a t  n e a r  th e  f in a l  m in im u m  
th e  e q u i l ib r iu m  c o n s ta n ts  w e re  l in e a r ly  r e l a t e d  to a  c lo se  a p p ro x im a tio n .
A ll the  tw o- and  t h r e e - p a r a m e t e r  f i t s  t r i e d  on the  h y d ra t io n  
d a ta  in  the  t h r e e  so lv en ts  a r e  o f f e re d  fo r  c o m p a r is o n  in  T a b le s  XXVI 
th ro u g h  XXIII. I t  i s  im m e d ia te ly  a p p a re n t  th a t  two p a r a m e t e r s  a r e  no t 
su f f ic ien t  to  a d eq u a te ly  f i t  the  d a ta  in  any  of the  s y s te m s .  F u r th e r m o r e ,  
only  t h r e e  of the  t h r e e - p a r a m e t e r  f i t s  (K^q i s  no t c o n s id e re d  a  p a r a m ­
e te r  h e r e  s in ce  i t  w as  d e te r m in e d  independently ) , w h e re  a l l  the  c o n ­
s ta n ts  r e m a in  p o s it iv e ,  w ould  a p p e a r  to be  a t  a l l  r e a so n a b le ;  th e s e  a r e  
AW, A^W, A2W2 and  AW, AW2» A 2W fo r  th e  c a rb o n  t e t r a c h lo r id e  and  
b en zen e  s y s te m s  and  AW, A 2W and  AW, A.W2 , Z the  DCE sys-
t e m s .  T he r e a s o n s  fo r  choosing  a  p a r t i c u l a r  s e t  o v e r  the  o th e r  w il l  be 
d e f e r r e d  u n t i l  th e  n ex t  s e c t io n s .  H ow ever, the  m e a s u r e d  v a lu es  fo r  
the  h y d ra t io n  s tu d ie s  a long  w ith  th e  c a lc u la te d  Af-yy a n d  v a lu e s  fo r  
the  ch o sen  p a r a m e t e r s  a r e  g iven  in  T a b le s  XIX th ro u g h  XXV.
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T A B L E  VII
V A PO R P R E S SU R E  LOW ERING O F  CARBON T E T R A C H L O R ID E  
BY D IPH E N Y LM ETH A N E 25°C
In i t ia l ly 158.1832 g of CCI p °  = 114. 
2. 4766 g of DPM  ^  4
M. W.
Xg = 0. 01414
,08  T o r r  
= 168. 23 g /m o le
g C C I4 r e m o v e d Xz Bobs. ( T o r r ) Ap
A p p a re n t  
M o le c u la r  W eight
42. 5934 0 . 01921 111. 95 2.13 174. 0
111. 96 2,12 174.9
111. 92 2.16 171. 6
12.1882 0. 02143 111. 61 2 .4 7 167.1
111. 66 2.41 170. 6
111. 60 2 .4 7 166. 5
13. 0308 0. 02445 111. 25 2 .8 3 166. 4
111. 20 2. 88 163. 4
13. 5436 0. 02863 110. 82 3 .2 6 169. 2
110. 80 3. 28 168.1
110. 82 3 .2 6 169. 2
12.1953 0. 03383 110.09 3 .9 9 163. 0
110. 02 4. 06 159.9
110. 03 4. 05 160. 6
93. 5523 g T o ta l Avg. 167. 3
w eigh t of f in a l  so lu tion  62, 9046 
w e igh t of DPM  - 2. 4766
60. 4280 g CCI4 








0 . 01 0 . 02 0. 03
^ D P M
F ig u re .  IV. V a p o r  P r e s s u r e  L o w e r in g  of C a r b o n  T e t r a c h l o r i d e  by  D ipheny l-
m e th a n e  25°C
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T A B L E  Vin
VAî>OR PR E SSU R E  LOW ERING O F CARBON TETR A C H L O R ID E
BY N -M E T H Y L - 2 -PY R R O LID O N E 25°C
Run I
In it ia lly  94. 3586 g of C C I. p  C C l^  = 114. 08 T o r r
‘ ■ - ‘ IM P0. 4894 g of NI 
%2 = 0. 007985
p °C C l^ (c a lc . ) = 114. 05 T o r r
g C C l^ re m o v e d - 2 F o b s .( T o r r ) P c a lc . ( T o r r ) Ap
28. 5076 0 . 01119 112. 79 112. 83 1.29
112. 80 1.28
112.76 1.32
7. 9734 0. 01264 112. 67 112. 68 1. 41
112. 64 1. 44
112. 62 1. 46
11. 2934 0. 01555 112. 42 112.39 1. 66
112. 39 1. 69
112. 37 1.71
9 .9567 0. 01956 112. 00 111. 99 2. 08
111. 99 2 . 09
112. 01 2. 07
10. 8067 0, 02723 111. 32 111. 26 2 .7 6
111. 31 2. 77
111. 30 2. 78
68 . 5378 g T o ta l
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TA B L E  V m - -C o n tin u ed
Run II
In it ia lly  158. 003 g of C C I . P c C l
0.7106 g o f N M P 4 ® 0
P e n  'Xg = 0. 006836
= 114. 08 T o r r  
[ca lc . ) = 114. 05 T o r r
g C C l^ re m o v e d  Xg P c a lc . (T o rr ) Ap
65. 3675 0. 01177 112.86 112. 77 1. 22
.. 112. 88 1. 20
11. 3474 0. 01339 112. 65 112. 60 1. 43
112. 53 1. 55
112. 61 1. 47
20. 0093 0. 01768 112. 22 112.18 1. 86
112.20 1. 88
13.1137 0. 02240 111. 77 111. 68 2 .31
111. 74 2. 34
111. 81 2. 27
109. 8379 g T o ta l
F in a lly  w e ig h t of so lu tio n  in  th e  f la s k  48. 472
w e ig h t of N M P - 0. 711
48. 761 g of CCI4
re m a in in g
in it ia l  w e ig h t of C C l^ 158. 003 
w eig h t of C C l^ rem o v ed -1 0 9 . 838
49.163 g of CGI4
re m a in in g
(c a lc u la te d )
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T A B L E  V III- -C o n tin u e d
Run III
In it ia lly 157. 8990 g of CCI4 p °  = 
2.1341 g of N M P 4
114. 08 T o r r
Xg = 0. 02054
p _ _  (c a lc . ) = 114. 05 T o r r
g C CI4 re m o v e d ^ 2 F o b s . (T o r r ) P c a l c .  ( T o r r ) Ap
40 .9 8 8 6 * 0. 02706* 111. 36 
111. 38
111. 28 2. 72 
2. 70
10.9779 0 .02973 110. 90 
110. 86
111. 03 3.19 
3. 22
14. 3361 0. 03412 110. 50 
110. 46
110. 62 3. 58 
3. 62
11. 4470 0 . 03868 110.11 
110.14
110. 21 3. 97 
3. 94
11.2096 0. 04451 109.7 0  
109.65
109.69 4. 38 
4. 43
14,9174 0. 0 5 5 6 0 ' 108.78 
108.7 6  
108. 81
108.71 5. 30 
5 .3 2  
5 .2 7
w e ig h t of f in a l so lu tio n 56. 2565
w eig h t of N M P - 2.1341
è 4 . 1224
^O b ta in ed  by d if fe re n c e  fro m  fin a l w e ig h t and  in i t ia l  w e ig h t w hen 
th e  t r a p  b ro k e .
^ N o t show n on th e  c o rre sp o n d in g  g rap h .
114. 00
113. 00









F ig u r e  V . V a p o r P r e s s u r e  L o w e r in g  of C a rb o n  T e t r a c h lo r id e  by  N -M e th y l-2 -  
P y r r o l id o n e  2 5 °C
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TA B L E  IX
VA PO R PR E SSU R E LOW ERING O F B E N Z E N E  
BY D IPH EN Y LM ETH A N E 25°C
Run I
In it ia lly 87. 0428 g of B en zen e  p °  
3. 0025 g of D PM
M.
Xg = 0. 01576
= 95. 06 T o r r
W. = 168. 23 g /m o le
g of B enzene  
re m o v e d ^2 Pobs. P
A p p a ren t 
M o le c u la r  W eight
93,17 1.89 168. 0
18, 2409 . 0.01986 93 .21 1 .85 171.7
93.15 1. 91 166. 2
9 2 .9 2 2.14 161. 3
5 .6929 0. 02161 9 2 .9 6 2,10 164. 5
9 3 .0 2 2. 04 1 6 9 .4
9 2 .9 9 2. 07 166.9
92 . 68 2 .3 8 164.2
7 .4 8 9 2 0. 02445 9 2 .7 2 2 .3 4 167.1
92.71 2 .3 5 166. 3
9 2 .2 0 2 .8 6 170.1
11.1773^ 0. 03041 9 2 .2 3 2 .8 3 172. 0
9 2 .2 0 2 .8 6 170.1
91. 54 3 .5 2 168.5
8 ,2 4 3 4 0. 03708 91.59 3 .4 7 171. 0
91. 55 3. 51 169. 0
50, 8438 g T o ta l
w eigh t of f in a l so lu tio n  39, 2015 g 
w e ig h t of DMP - 3. 0025
36.1990 g of B enzene  
^Some lo s t  - c o r r e c te d  by  d if fe re n c e  in  fin a l and  in i t ia l  w e ig h ts .
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TA B L E I X - -C o n tin u ed
Run II
In it ia l ly 87. 0297 g of 
4. 3517 g of
X , = 0. 02268
B en zen e  p °  = 95. 06 T o r r  
DPM
M. W. = 168. 23 g /m o le
g of B enzene  
rem o v ed Xz Pobs. Ap
A p p a ren t 
M o le c u la r  W eight
9 2 .4 6 2 . 60 171.1
16. 4044 0. 02781 9 2 .4 9 2. 57 173.2
9 2 .4 7 2 . 59 171. 8
92.21 2. 85 174.1
6 . 7621 0. 03068 9 2 .2 3 2 .8 3 172.2
92 .21 2 .8 5 174.1
91.77 3. 27 167. 5
7. 2747 0. 03447 91. 77 3 .2 9 167. 5
91. 78 3. 28 168.1
91. 40 3. 66 166.2
5. 3878 0. 03796 91. 38 3. 68 164. 8
91.43 3. 63 167. 2
9 0 .9 5 4.11 169. 0
6 .6 8 9 7 0. 04342 9 0 .9 2 4 .14 167.7
9 0 ,9 3 4.13 168.1
90. 52 4. 54 167.9
4.1537 0. 04768 90. 50 4. 56 167. 2
90. 50 4. 56 167.2
90. 04 5. 02 173. 7
5. 2619 0. 05444 9 0 . 02 5. 04 173.0
90. 04 5. 02 173. 7
.51.9343 w eig h t of f in a l so lu tio n  3 9 .3 0 0 6
w eig h t of DPM  - 4. 3517
34. 9489 g of B en zen e  
In it ia l w e ig h t of B en zen e  - to ta l  w e ig h t re m o v e d  = 35. 0954 g




( T o r r )
92 . 00
91. 00
9 0 . 00  -
0. 01 0 . 02 0. 03 0. 04 0, 05
00
"DPM
F ig u r e  V I. V a p o r  P r e s s u r e  L o w e rin g  o f B e n z e n e  b y  D ip h e n y lm e th a n e  25 C
82
T A B L E  X
VAPOR PR E SSU R E  LOW ERING OF B EN Z E N E  
BY N -M E T H  YL -2  - P  YRROLIDONE 25°C
R un I
In it ia l ly 87. 0675 g of B en zen e  
1.1760 g of N M P
<p°> = 95. 06 T o r r
Xg = 0. 01053 p °  (c a lc . ) = 95.13 T o r r
g of B en zen e  
re m o v e d ^2 ) Pcalc. Ap




9 3 .7 9




9 3 .6 5  
93. 60 
9 3 .6 2
93. 60
1. 41 
1 .46  
1. 44
6 . 3784 0 . 01901
9 3 .4 6  
9 3 .4 5
9 3 .4 7




6, 8601 0. 02213
9 3 .2 2
9 3 .2 2
9 3 .2 3
93.15
1 .84  
1. 84 
1. 83
6 . 9624 0, 02656
9 2 .8 2
9 2 .8 3





5 3 .0 7 8 6
w eig h t of f in a l so lu tion 34. 6658
w e ig h t of N M P - 1 .1760  
33. 4898 g
In i t ia l  w eigh t of B enzene  - w e ig h t of B enzene  re m o v e d  = 33. 9889 g
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T A B LE X - -C o n tin u ed
Run II
In it ia lly 87. 0965 g of B en zen e  <p 
2. 3497 g of N M P
Xg = 0. 02082
°>  = 95. 06 T o r r  
(c a lc . ) = 95.13 T o r r
g of B enzene Xg p (T o r r ) p (T o r r ) Ap
re m o v e d o b s . c a lc .
9 3 .0 2 2. 04
15. 7474 0. 02529 93. 02 .9 2 .8 9 2. 04
93, 03 2. 03
9 2 .7 5 2. 31
5 .5883 0. 02738 9 2 .7 3 .92. 72 2. 33
92.71 2. 35
9 2 .4 8 2. 58
6. 5822 0. 03034 92. 45 92. 47 2 . 61
92. 50 2. 56
92. 04 3, 02
8 . 5214 0. 03526 92. 01 92 . 08 3. 05
92. 04 3. 02
91. 53 3. 53
6 .9778 0, 04067 91. 62 91. 64 3 .4 4
91, 61 3 .4 5
91. 62 3 .4 4
9 0 ,9 2 4.15
8 . 0434 0. 04935 9 0 .9 2 9 0 .9 6 4.14
9 0 .9 2 4 .14
50. 7505
w eigh t of f in a l so lu tion  39. 4084 
w e ig h t of NM P - 2. 3497 
37 .0587  g





( T o r r )  




0 . 02 0. 030 . 01 0. 04 0, 05
00
X•NMP
F ig u r e  V'TL. V a p o r P r e s s u r e  L o w e r in g  of B e n z e n e  b y  N = M e th y l- 2 -P y r ro l id o n e  25 C
85
T A B L E  XI
SO LUBILITY  O F W ATER IN CARBON TE TR A C H LO R ID E
A T SEV ERA L A C TIV IT IE S 25°C
C y ^ (m o le s /l i te r )
C ^  c a lc .
(u s in g  C ^  = 0. 0087)
0 .4 0 0 0. 00349 0. 00348
0. 00376
0. 550 0, 00451 0 .00478
0. 00486
0 ,7 0 0 0, 00587 0. 00609
0. 00619
86
TA B L E XII
SOLUBILITY  O F W ATER IN CARBON TE TR A C H L O R ID E
AT SEV ERA L A C TIV ITIES I5°C
C ^ ( m o le s / l i t e r ) c a lc .
0. 00242
0. 400 0. 00229 0. 00229
0. 00226
0. 00304
0 .5 5 0 0. 00306 0. 00315
0. 00308
0. 00374
0. 700 0. 00393 0. 00401
0. 00384
0. 00574




S e p a ra te  ru n .
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T A B L E  X in
TH E SOLUBILITY O F W A TER IN 1, 2-D IC H LO R O ET H A N E
AT VARIOUS W ATER A C TIV ITIES 25°C
F i t  to ^W “ ^W ^W  ^^3^^W ^W ^ 
= 0.110 + 0 , 0200
(m o le / l i te r ) &W
o
(c a lc . )
0. 0279 0 .2 5 0 0. 0278
0. 0284
0. 0284
0. 0458 0 .402 0. 0455
0. 0459
0. 0457




0. 0818 0. 695 0. 0831
0. 0822
0. 0828







T A B L E  XIV
TH E SO LUBILITY  O F W A TER IN 1, 2-D IC H LO R O ETH A N E
A T VARIOUS W A TER A C TIV ITIES 15°C
F i t  to ^W ■ ^W ^W  ^^3 ^ ^W ^w ) 
= 0. 080 a-y  ̂ + 0. 01843
( m o le / l i te r ) a-W f ^ ( c a l c .  )
0 . 0206 0. 250 0. 0203
0. 0201
0, 0201
0. 0338 0 .402 0. 0334
0. 0342
0. 0340
0. 0462 0. 529 0. 0450
0. 0458
0. 0461
0.0663 0. 695 0. 0618
0.0651
0, 0648









T A B L E  XV
SO LUBILITY  O F W ATER IN B E N Z E N E
AT SEV ERA L A C TIV IT IES 15°C
%  c a lc . f-yy c a lc .








0. 00577 0. 00589






0 .0 0 9 3 5














0. 01722 0. 01713
0 .8 5 0
0. 02245 
0 .02233  
0 . 02180 
0. 02151
0. 02155 0. 02147




0, 02453 0. 02452
90
T A B LE XV --C o n tin u e d
(m o le s / l i te r )
o
i-yy c a lc . 





0. 02553 0. 02592 0. 02597
0. 02553 
0, 02566 
0 .02582  
0. 02586
0. 02
( m o l e / l i t e r )
0. 01
0 . 60. 2 0 .4 0. 8 1. 0
W
F ig u r e  V III. S o lu b ility  of W a te r  in  B e n z e n e  a s  a  F u n c tio n  of W a te r  A cti\d .ty  15 C
92
T A B L E  XVI
COM PARISON O F L E A ST  SQUARES F IT S  
F O R  W ATER IN B E N Z E N E  15°C
F i t  to
.m  . __ ,_ o  .n 
) + nKj^(C-yy^a-y^)
S p ec ies RMSD X 10̂ ^ m o le Km Kn
M o n o m er 
m  = n  = 0
6 . 060 0. 02535 0 0
M onom  e r  - d im  e r  
m  = 2 ; n  = 0
2 .9 5 8 0. 02216 3 .8 2 0
M onom  e r  - t r im  e r  
m  = 3; n = 0
3, 043 0. 02340 6 . 66 ^0
M o n o m e r - te tr a m e r  
m  = 4; n = 0
3 .2 9 6 0. 02386 16. 43 0
M o n o m e r -d im e r - t r im e r  
m  = 2; n  = 3
3. 002 0. 02221 3, 61 35. 7
M o n o m e r - d im e r - te t r a m e r  
m  = 2; n  =4
3, 000 0. 02195 - neg .
M o n o m e r- t r i m e r - te t r a m e r  
m  = 3; n  =4
2.871 0, 02257 - n eg .
M onom  e r  - t r im  e r  -h  exam  e r  
m  = 3; n =6
2 .7 3 2 Oo 02268 - n eg .
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T A B L E  XVII
SO LU BILITY  O F W ATER IN B E N Z E N E
A T SEV ERA L A C TIV ITIES 25°C
o
c a lc .








0, 00841 0. 00831
0. 402
0. 01332 













0. 01801 0. 01798
0. 695
0 .02377  
0. 02372 
0. 02372





0, 02431 0. 02438
0 .8 3 2
0 .02978  
0. 02990 
0, 02961





0. 03 015 0. 03024
94
T A B L E  X V II--C o n tin u ed
f ^ ( m o le / l i t e r )
iy/f c a lc , 
(a s su m in g  t e t r a m e r  s)
o
i y f  c a lc . 
(a ssu m in g  t r i m e r s )




0. 03363 0. 03367














0. 03656 0. 03649
0. 03 -
0 . 02
( m o l e / l i t e r )
O □ H gSO ^ A c t iv i t ie s  
O  C a C l-  A c t iv i t ie s
0 . 01
0. 2 0. 4 0 . 8
vO
F ig u r e  IX . S o lu b ility  o f W a te r  in  B e n z e n e  a s  a  F u n c tio n  o f W a te r  A c tiv ity  25 C
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T A B L E  XVIII
COM PARISON O F LE A ST SQUARES F IT S  
F O R  W ATER IN B E N Z E N E  25°C
O O
F i t  to %  = + mKj^(C^a.-y(^)”^ + n K ^ (C w aw )^
S p e c ie s RMSD X 10^
o m o le  
W l i t e r Km . Kn
M o n o m er 
m  = n  = 0
7. 519 0. 03565 0 0
M onom  8 r  - d im  e r  
m  = 2; n  = 0
3.317 0. 03143 2. 51 0
M o n o m e r- t r im e r  
m  = 3; n  = 0
2 .9 9 9 0. 03302 3 2 .2 0
M o n o m e r - te tr a m e r  
m  = 4; n = 0
3. 054 0. 03360 580 0
M o n o m e r -d im e r - t r im e r  
m  = 2; n  = 3
3. 028 0. 03406 neg . neg .
M o n o m e r - d im e r - te t r a m e r  
m  = 2; n  = 4
3. 076 0, 03313 0. 490 489
M o n o m e r- t r i m e r - te t r a m e r  
m  = 3; n = 4
3. 037 0. 03318 25. 0 126
M o n o m e r - t r im e r - h e x a m e r  
m  = 3; n  = 6
3. 033 0. 03296 - neg .




( m o l e / l i t e r )  
0. 02
0 . 01
0.1 0. 2 0. 3
vO-a
F ig u r e  X. G ra p h ic a l  E s t im a t io n  of th e  H y d ra te d  S p e c ie s  o f N -M e th y l-2 -  
P y r r o l id o n e  in  C a rb o n  T e t r a c h lo r id e  15°C
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TA B L E  XIX
TH E HYDRATION O F N -M E T H Y L -2-P Y R R O L ID O N E
IN CARBON TE TR A C H L O R ID E 25°C
F i t  w ith  A f^ = 0. 0 7 9 8 7 6 C ^ a ^  + 0. 3 3 9 2 2 C ^ a ^  + 2 (0 .1 0 0 5 6 )C ^ a ^
f m o le  
l i t e r W
Af m o le  
W l i t e r
A f^ ic a lc . ) C ^ (c a lc .)
0 .1030 0. 400 0. 00390 
0. 00402
0. 00406 0. 0872







































0. 4520 0, 03474 
0. 03249 
0. 03514
0, 03299 0, 2870
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TA B L E  X IX --C o n tin u ed
f m o le  
^  l i t e r
Af m o le  
‘  w  l i t e r
Af ■^^(cs.lc. ) C ^ (c a lc .)
0.1030 0. 700 0. 00815 
0. 00750
0, 00709 0. 0842
0.1961 0. 01523 
0. 01556
0. 01528 0.1457
0. 2971 0. 02533 
0. 02578
0. 02528 0. 2034
0. 4001 ■ ■ 0. 03380 
0. 03408
0. 03627 0. 2557
0. 4520 0 .04278  
0. 04338 
0. 04288
0. 04204 0. 2802
0. 04
W -  0* 55
0. 03
( m o l e / l i t e r )
0 , 02
0 . 01
0. 40. 30. 2
f . ( m o l e / l i t e r )
0 . 1
1—*oo
F ig u r e  XI. S o lu b ility  of W a te r  a s  a  F u n c tio n  o f W a te r  A c tiv i ty  a n d  C o n c e n tra t io n  of 
N - M e th y l - 2 - P y r r o l id o n e  in  C a rb o n  T e t r a c h lo r id e  25 C
101
TA B L E  XX
THE HYDRATION O F N -M E T H Y L -2 -PY R R O LID O N E
IN CARBON TETR A C H LO RID E 15°C
F i t  w ith  = 0. 04741C ^a-^ + 0. 41578C ^ a -^  + 0. 0 7 8 2 3 C ^ a ^
m o le
l i t e r W
Af m o le  
^  l i t e r
Af-yy(calc.) Cf. (c a ic .)
0.1042 0. 400 0. 00336 
0 .00359  
0. 00348
0. 00313 0. 0877




0. 3018 0. 01265 
0, 01269 
0. 01298
0. 01255 0. 2113
0 .4 0 3 0 0. 01777 
0. 01782 
0. 01765
0. 01828 0. 2635
0. 5014 0, 02389 
0. 02336 
0. 02408
0. 02422 0. 3097
0.1042 0. 550 0. 00451 
0, 00439 
0, 00455
0. 00431 0. 0864




Oo 3018 0. 01613 
0, 01644 
0, 01625
0. 01723 0. 2070
0. 4030 0. 02525 
0, 02483 
0. 02525
0. 02506 0. 2578
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T A B L E  X X --C o n tin u ed
f  m o le  
l i t e r
Af m o le  
“ w  l i t e r
Af-yy^(calc.) C ^ (c a lc .)




0.1042 0. 700 0. 00576 
0. 00578
0, 00549 0. 0851




0. 3018 0. 02119 
0. 02239 
0. 02179
0. 02187 0 .2029
0. 4030 0. 03222 
0. 03300 
0. 03210
0. 03176 0. 2522
0. 5014 0. 04128 
0. 04146 
0. 04064








£ . ( m o l e / l i t e r )
0 . 50 .2 0 .40 .1
F ig u r e  X ÎI. S o lu b ility  o f W a te r  a s  a  F u n c tio n  o f W a te r  A c t iv i ty  a n d  C o n c e n tra t io n  of 
N - M e th y l - 2 - P y r r o l id o n e  in  C a rb o n  T e t r a c h lo r id e  15 C
ow
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T A B L E  XXI
THE HYDRATION O F N -M E T H Y L - 2 -PYRRO LID O N E
IN B E N Z E N E  25°C
7 2 2
F i t  w ith  Af-^ = 0 .1974C^a-ÿy + 0 .1426C ^a-^  + 2(0. 4 6 8 2 )C ^ a ^
RMSD = 0, 852 x  10“^ m o le / l i t e r
m o le
l i t e r 'W Af-
m o le
W ï î t i ï  A f-^(calc.) C ^ (c a lc .)
0.1029
0.1989








0. 3031 0. 01705 
0. 01710 
0. 01700
0. 01717 0. 2389
0. 4045 0. 02491 
0. 02476 
0 .02472
0. 02375 0. 3044
0. 5046 0. 03143 
0. 03128 
0. 03138
0. 03051 0. 3646
0.1029 0 .4 0 2 0.00847 
0 .00852
0. 00858 0. 0878




0. 3031 0, 02804 
0. 02771 
0, 02785
0. 02918 0. 2294
0. 4045 0.03983 
0. 03954
0. 03936
0. 04089 0, 2917
105
T A B L E  X X I- -C on tinued
f
^  l i t e r 'W
Af. m o le  W l i t  e r
A f-^(calc.) C ^ (c a lc . )
0. 5046 0. 05361 
0. 05313 
0. 05337
0. 05304 0. 3487
0.1029 0. 529 0. 01246 
0. 01227 
0. 01241
0. 01135 0. 0853




0, 3031 0. 03918 
0. 03930 
0. 03906
0. 03961 0. 2212





0. 5046 0. 07249 
0 .07285  
0. 07261
0, 07282 0. 3349
0.1029 0. 695 0. 01484 
0. 01498
0. 01495 0. 0820
0.1989 0. 03281 
0 .0 3 3 0 5  
0, 03269
0. 03220 0,1474
0. 3031 0. 05318 
0, 05330 
Q, 05390
0, 05330 0. 2105
0 .4 0 4 5 0. 07570 
0. 07642 
0. 07666
0, 07554 0. 2661
0 .5 0 4 6 0. 09907
0. 09847 
0. 09823




,-yy -  0, 402 




0 . 20.1 0. 3 0. 4 0. 5
oO'
( m o l e / l i t e r  )
F i g u r e  XIII. S o lu b i l i ty  of W a te r  a s  a  F  u n c t io n  of W a te r  A c t iv i ty  a n d  C o n c e n t r a t io n  of N -
M e t h y l - 2 - P y r r o l i d o n e  in  B e n z e n e  25°C
.107
T A B L E  XXn
TH E HYDRATION O F N -M E T H Y L - 2 -PY R R O L ID O N E
IN B E N Z E N E  15°C
F i t  w ith  = 0 .1 7 2 6 C ^ a ^  + 0. 2 6 4 8 C ^ a ^  + 2(0. 4 I5 4 ) C ^ a ^
RMSD = 1. 035 X 10"-^ AfW
m o le  
‘ l i t e r W









0 .2 9 8 0











































TA B LE X X II--C o n tin u ed
£ m o le
l i t e r W
AfW
m o le
l i t e r
Afy^(calc. ) C ^ (c a lc ,  )
0 .3978 0, 03824 
0. 03926 
0. 03898
0. 03862 0. 2815
0. 4991 0. 04878 
0. 04859 
0. 04907
0. 05074 0 .3 3 7 0
0.1028
0. 2043










0 .2980 0. 03541 
0. 03560 
0. 03579
0, 03675 0. 2146
0. 3978 0. 05097 
0. 05125 
0. 05059
0. 05215 0. 2711
0.4991 0 .06944  
0. 06802 
0. 06755
0. 06870 0. 3240




0. 01376 0. 0819




0 ,2980 0. 04894 
0 ,04922  
0 .04 8 4 9
0. 04907 0. 2046
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T A B L E  X X II - -C on tinued
 ̂ m o le  
l i t e r
a w
Af m o le  
l i t e r
A % (c a lc .) C ^ (c a lc .)




0. 06981 0 .2577
0. 4991 0. 09295 
0. 09211 
0. 09277
0. 09210 0. 3072
0 .10
A a-yÿ- = 0. 529 
□ a-yy = 0. 4020. 08
0. 06
( m o l e / l i t e r )  
0. 04
0. 02
0.1 0. 2 0. 3 0. 4 0. 5
( m o l e / l i t e r )
F i g u r e  XIV. S o lu b i l i ty  of W a te r  a s  a  F u n c t io n  of W a te r  A c t iv i ty  a n d  C o n c e n t r a t io n  o f  N - M e t h y l -
2 - P y r r o i d o n e  in  B e n z e n e  15°C
I ll
T A B L E  XXIII
TH E HYDRATION O F N -M E T H Y L - 2 -PY R R O LID O N E
IN L 2-D IC H LO R O ET H A N E 25°C
F i t  w ith  A %  = 0. 2628C ^a;iy  + 2(0. 0 4 2 8 )C ^ a ^  + 2 (0 .1 9 6 l)C ^ a ^
f . m o le  
l i t e r
AfW
m o le
l i t e r
A f^  (c a lc .)  C ^ ( c a lc . )











0 .0227  
0 .0228  
0. 0230






























0. 0501 0. 3532
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T A B L E  X X III--C on tinued
m o le
l i t e r *-w
A % (c a lc .)  G .( c a lc . )
w l i t e r  ^  ^
















0 .0 4 7 4  
0. 0484 
0. 0474
0. 0485 0. 2542
0. 4009
0.0682  
0 .0672  
0. 0671









































O  ~ ^
~ 529
= 0 .4 0 2
-O- ^■yr ~ ^90
O a w  = 0. 250
w
( m o l e / l i t e r )
F i g u r e  XV. S o lu b i l i ty  o f  W a te r  a s  a  F u n c t io n  o f  W a te r  A c t iv i ty  a n d  C o n c e n t r a t io n  of  N -M e th y l-
2 - P y r r o l i d o n e  in  1- 2 - D ic h lo r o e th a n e  25 C
114
T A B L E  XXIV
TH E HYDRATION OF N -M E T H Y L - 2 -P Y R R O L ID O N E
IN 1, 2-D IC H L O R O E T H A N E  15°C
F i t  w ith  Af,„ = 0. 3084C w
2 2 2 
+ 2(0, 0369)C ^ a -^  + 2 (0 .1 0 0 8 ) C ^ a ^
f m o le  
l i t e r ^W
Af m o le  
W H te r
A f-^(calc .) C ^ (c a lc .)












































0. 0521 0. 3556
115
T A B L E  X X IV --C on tinued
r m o le
l i t e r 'W













































0. 0656 0 .2382
0 .4 0 5 6
0. 4919


















o ^W = 0. 695
A a w  = 0. 529
□ ^W  ^ 0. 400
o a w  = 0. 250
0 . 1 0, 2 0. 3




F i g u r e  XVI. S o lu b i l i ty  of W a te r  a s  a  F u n c t io n  of W a te r  A c t iv i ty  a n d  C o n c e n t r a t io n  of N-
M e t h y l - 2 - P y r r o l i d o n e  in  1, 2 -D ic h lo r o e th a n e  15° C
117
T A B L E  XXV
TH E HYDRATION OF N, N -D IM E T H Y L A C E T A M ID E IN
1, 2 -D ICH LO RO ETH AN E 25°C
2 2F i t  w ith  = 0. 2455C^a-y^ + 2 (0 .1034)C ^a;y  + 2 ( 0 .1 4 5 1 )C ^ a^
m o le
A l i t e r
a W Af
m o le
W m T r  A % (c a lc .)  C ^ (c a lc .)
0. 0985
0.1986

















































T A B L E  XXV--C o n tin u e d
r m o le
l i t e r "W
A f^ H H iî A % (c a lc .)  C ^ (c a lc .)










0. 0670 0 .4387
























0. 0926 0. 4178














0. 0724 0. 2381
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T A B L E  XXV--C o n tin u ed
 ̂ m o le  
l i t e r


















0 . 20. 1 0. 3 0 .4 0. 5
o
( m o l e / l i t e r )
F i g u r e  XVII. S o lu b i l i ty  of W a te r  a s  a  F u n c t io n  of W a te r  A c t iv i ty  a n d  C o n c e n t r a t io n  of
N, N - D im e th y la c e t a m id e  in  1, 2 - D ic h lo r o e th a n e  25 C
121
T A B L E  XXVI
COMPARISON OF T H E L E A S T  SQUARES F IT S  F O R  N -M E T H Y L -
2-P Y R R O L ID O N E  IN CARBON TE T R A C H L O R ID E
25°C
^ 2 0 ^11 ^12 ^21 ^ 2 2 RMSD X 10^
0. 708 14.13 0 0 2840 0. 0087 I. 805
0. 708 9.19 0 39. 0 1330 0 .0087 0 ,9 9 5
0. 708 18 .85 -850 0 4550 0, 0087 1. 084
0. 708 5 .8 0 51 0 0. 0087 1.249
0. 708 5 .8 316 5 3 ,8 0 0 .0087 1. 010
0. 708 8. 02 107 4 3 .7 920 0. 0087 I. 012
I5°C
^ 2 0 % ^12 ^21 ^ 2 2 C w RM SD X 10^
0. 790 16. 6 0 0 7690 0. 00573 2, 058
0. 790 8, 29 0 72. 6 2385 0. 00573 0 .6 5 9
0. 790 2 6 .4 -2440 0 11680 0. 00573 0 .8 5 3
0. 840 8 .5 0 90 0 0 .00573 0. 881
0 .8 4 0 3 .2 650 93 0 0 .00573 0. 667
0. 790 8. 05 31.4 73. 5 2265 0 .00573 0. 667
N ote: A ll e q u i l ib r iu m  c o n s ta n ts  a r e  fo r  th e  fo rm a t io n  of the  s p e c ie s  f ro m
th e i r  r e s p e c t iv e  m o n o m e rs  and  a r e  g iven in  m o la r  u n i ts .
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T A B L E  X X V n
COM PARISON O F TH E LEA ST SQUARES F IT S  F O R  N -M E T H Y L - 
2-PY R R O LID O N E  IN  B E N Z E N E
25°C
^ 2 0 % Ki 2 ^21 ^ 2 2
o
RMSD X 10^
0 .3 9 4 6. 67 0 0 444 0, 0330 1.194
0. 394 5. 98 0 4 .3 2 430 0. 0330 0 .8 5 2
0. 394 7.17 - 2 4 .4 0 505 0. 0330 0. 980
0 .3 9 4 8 .2 0 13 0 0. 0330 4 .3 8 3
0 .3 9 4 -0 . 45 150 25. 6 0 0. 0330 <1.1
0 .3 9 4 4. 48 3 9 .6 9 .4 5 318 0, 0330 . 0 .7 9 3
15
^ 2 0 ^11 ^12 ^21 ^ 2 2
c ° RMSD X 10^
0. 437 9 . 58 0 0 805 0. 0234 1.802
0. 437 7 .3 9 0 11.32 760 0. 0234 1. 035
0, 437 10, 55 -101 0 1073 0, 0234 1.140
0. 475 9 .8 0 26. 5 0 0. 0234 2. 655
0. 437 1 .4 225 3 3 .9 0 0. 0234 0 .9 2 5
0, 437 7. 56 -1. 5 10.7 780 0. 0234 1. 044
N ote : A ll e q u i l ib r iu m  c o n s ta n ts  a r e  fo r  the  fo rm a t io n  of th e  s p e c ie s  f ro m
t h e i r  r e s p e c t iv e  m o n o m e rs  and  a r e  g iven in  m o la r  u n i ts .
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T A B L E  XXVIII
COMPARISON OF TH E LEA ST SQUARES F IT S  FO R  N -M ETH Y L - 
2-PY R R O LID O N E AND N, N -D IM ETH Y L A C E TA M ID E 
IN 1, 2 -D ICH LO RO ETH A N E
NM P 25°C
K zo K^l ^12 K21 ^ 2 2 RMSD X 10^
0 2. 56 0 0 2 3 .4 0.110 1. 565
0 2. 86 0 neg . 24.1 0.110 1. 091
0 2 .3 9 3. 53 0 16 0.110 0 .8 4 5
0 3 .4 3 0 0. 66 0 0.110 2 .9 7 0
0 1. 00 12 .3 3 .3 0 0.110 0 .8 0 0
0 2.11 5 .4 0. 80 11.7 0.110 0. 804
N M P 15°C
K zo ^11 K i 2 K21 ^ 2 2 ^  w RMSD X 10^
0 4. 02 0 0 28 0. 080 1.842
0 3 .8 0 0 5 .4 16 0. 080 1. 492
0 3 .8 2 5, 73 0 16 0. 080 1. 491
0 4. 80 0 0. 008 0 0. 080 3. 001
0 3. 05 12. 0 2 .2 0 0. 080 1. 306
0 2 .7 16. 5 3 .5 -1 2 ,0 0. 080 . 1 .297
N ote: A ll e q u i l ib r iu m  c o n s ta n ts  a r e  fo r  the  fo rm a t io n  of the s p e c ie s  f r o m
th e i r  r e s p e c t iv e  m o n o m e rs  and  a r e  g iven  in  m o la r  u n i ts .
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T A B L E  X X V m - - C ontinued
NDMA 25°C
« 2 0 ^11 ^12 ^21 ^ 2 2 RMSD X 10^
0 2. 70 0 0 30. 5 0.110 3 .4 2 8
0 3 .4 3 0 n eg . 3 0 .8 0.110 1. 685
0 2 .2 3 8 .5 6 0 12. 0 0.110 1.279
0 4. 21 0 -G, 89 0 0.110 3 .9 8 5
0 1.1 15. 7 2. 6 0 0.110 1.197
0 2. 35 7 .8 -0 .3 7 14. 0 0.110 1.249
C H A P T E R  IV
DISCUSSION
The S e lf -A sso c ia tio n  of N -M eth y l -2 - P y r  ro l l  done
T he p re d o m in a n t m e c h a n ism  fo r  th e  s e lf - a s s o c ia t io n  of N M P
in  c a rb o n  te t r a c h lo r id e  and  b en zen e  is  p ro b a b ly  d ip o le -d ip o le  a s s o c ia tio n .
D ipo le  a s s o c ia t io n  i s  p a r t i c u la r ly  a t t r a c t iv e  s in ce  th e  d ip o le  m o m en t of
3 6N M P is  a p p ro x im a te ly  4, 06 D - -a  la r g e  d ipo le  fo r  a  n o n -io n ic  m o le ­
cu le , F u r th e r m o r e ,  th e  m ag n itu d e  of th e  d im e r iz a t io n  c o n s ta n ts , K ^ q, 
of 0. 71 and  0. 39 (m o le / l i te r )   ̂ found fo r  NM P in  c a rb o n  te tr a c h lo r id e
an d  b en zen e , re s p e c tiv e ly , w ould  seem  to  be in  th e  p ro p e r  ra n g e  fo r  d i-
84p o la r  a s s o c ia t io n s .  T r e in e r ,  S k in n er and  F u o s s , fo r  ex am p le , found
a K-2 Q o f 0. 37 ( m o le / l i te r )  fo r  p -n i t ro a n i l in e  and  0 .8  (m o le / l i te r )   ̂ fo r
m -n i tro p h e n o l in  d ioxane a t  25°C , w hich  h av e  d ip o le  m o m e n ts  of 4. 38
and  6. 91 D, re s p e c tiv e ly . A lthough the  c o n c e n tra tio n s  u se d  in  th is  study
w e re  low  enough to r e n d e r  s e l f - a s s o c ia t io n  of th e s e  com pounds th ro u g h
h y d ro g e n  bonding u n d e te c ta b le , d ioxane co n ta in s  two s tro n g ly  h y d ro g en
85bonding  e th e r a l  oxygen a to m s , w hich  w ould  p re v e n t  i t  f ro m  a c tin g  a s  
an  in e r t  so lv en t to w a rd  th e s e  s o lu te s . T h e re fo re , the  d im e r iz a tio n  c o n ­
s ta n ts  fo r  th e s e  com pounds w ould  be ex p ec ted  to  be even  l a r g e r  in  b en zen e
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o r  c a rb o n  te t r a c h lo r id e .  A K ^q of 0. 71 ( m o le / l i te r )   ̂ fo r  N M P in c a r ­
bon te t r a c h lo r id e  then  s e e m s  to be  q u ite  re a so n a b le .
F u r th e r  ju s t if ic a t io n  of th e  m a g n itu d e  of KgQ in  c a rb o n  t e t r a ­
c h lo rid e  can  be  in f e r r e d  fro m  th e  NMR w o rk  of W h ittak e r and  Si eg el 
a s  d is c u s s e d  in  C h ap te r  I. B rie f ly , th e  a u th o rs  p ro p o se d  d ip o la r  a s s o ­
c ia tio n  to ex p la in  th e  o b se rv e d  c o n c e n tra tio n  dependence  of the
s e p a ra t io n  of th e  N -m e th y l do u b le t of N -d im e th y lfo rm a m id e , and  s in ce  
i t  h ad  a lso  been  found th a t both  th e  fo rm y l p ro to n  and  th e  m e a n  N -m e th y l 
re s o n a n c e s  w e re  c o n c e n tra tio n  in d ep en d en t. An a s s o c ia tio n  c o n s ta n t 
can  th e re fo re  be c a lc u la te d  fro m  th e  concentration-A Ô Q ^g re la t io n s h ip s  
re p ro d u c e d  in  T ab le  XXIX. S ince the  u p p e r  l im i t  of th e  c o n c e n tra tio n
TA B L E XXIX
CONCENTRATIO N  D EP E N D E N C E  O F THE SEPA RA TIO N  
O F TH E N -M E T H Y L  D O U BLET O F N, N -D IM E T H Y L - 
FO R M  AM IDE IN SEV ERA L SOLVENTS 35°C
HMDS^ CCI 4 A ceto n e  -d^
^D M F âSobs*’ ^D M F ^^obs ^D M F ^^obs
0. 0633 4. 26 + 0.13 0.110 8.19 + 0, 05 0. 0858 8 .9 4 +  0.1
0. 0480 3. 98 + 0.12 0, 0666 7. 76 + 0. 05 0. 0169 8. 90 + 0.1
0. 0362 3. 54 + 0. 06 0. 0444 7, 48 + 0. 05 0. 00845 8 .8 7  + 0. 05
0. 0244 3. 26 + 0. 05 0, 0222 7. 08 + 0. 05 0. 00634 8. 81 + 0.14
0, 0182 3. 08 + 0. 05 0. 0111 6. 57 + 0. 05 0. 00426 8 .8 5 +  0. 08
0. 0122 2. 91 + 0. 05 0. 00833 6. 47 + 0. 05 0. 00169 8. 83 + 0.14
0 .0037 2. 66 + 0.14 0. 00557 
0. 00222
6. 34 + 
6. l6  +
0. 05 
0. 05
%  exam  e th y l di s ilo x an e  
^c .D . s. a t  54. 6 Me / smr
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ra n g e  s tu d ied  by th e se  w o rk e rs  w as 10 m o le  p e rc e n t, i t  is  re a so n a b le  
to a s s u m e  on ly  a m o n o m e r-d im e r  e q u ilib riu m  to be invo lved , a s  w as 




w h e re  Ĉ ĵ- and  C g  a r e  th e  m o la r  c o n c e n tra tio n s  of the  m o n o m e ric  and  
d im e r ic  sp e c ie s  w ith  re so n a n c e  s e p a ra tio n s  of Aôj^ and  Aôjj, r e s p e c ­
tiv e ly , and th e  fo rm a l m o la r  c o n c e n tra tio n  of the  am id e . S ince  th e  
h ig h e s t  p o ly m e r iz e d  s ta te  i s  tak en  to  be  d im e r ic ,
^A =
w h e re  K ^ q i s  the  e q u ilib r iu m  co n stan t fo r  th e  re a c tio n
A + A = A^
Then,
^^obs ■ c  + 2K 
A dding and  s u b s tra c tin g  A5j^,
Z 2
^ M ^ ^ M  + 2K2qCm A5d  - C ^ A ^ M  - 2K2oCm A6m
obs = AÔ,, + 2




A s can be seen  fro m  equation  (4-1), the  c o r r e c t  v a lu e  of K2 Q w ould
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re n d e r  a  p lo t of v s . 4- l in e a r ,  p ro v id e d  th e  d im e r  a s s u m p ­
tio n  is  c o r r e c t .  S im ila r ly , a v a lu e  of Kgg too s m a l l  w ould  g ive  n e g a tiv e  
c u rv a tu re  and  a  K^Q too la r g e  shou ld  g ive  a  p o s itiv e  c u rv a tu re  w hen
p lo tte d  in  th is  m a n n e r . In  o rd e r  to  o b ta in  th e  C ^ i r  f ^  v a lu e s  fo r  s e v -
2
e r a l  t r i a l  d im e r iz a tio n  c o n s ta n ts , sm o o th ed  p lo ts  of C j^ — f ^  v s . f ^  
w e re  p r e p a r e d  fo r  each  K^Q. F r o m  th e s e  p lo ts  ÿ- f ^  v a lu es  c o r ­
re sp o n d in g  to the  d a ta  g iven  in  T ab le  XXIX, a f te r  c o n v e rs io n  to  a  m o la r  
sc a le , cou ld  re a d i ly  be o b ta in ed . T he re la tio n s h ip s  found fo r  c a rb o n  
te tr a c h lo r id e  u s in g  d im e r iz a tio n  c o n s ta n ts  of 0. 5 and  1. 0 (m o le / l i te r )   ̂
a r e  i l lu s t r a te d  in  F ig u r e  XVIII w h e re  the  c i r c le s  and  sq u a re s  in d ic a te  
th e  u n c e r ta in t ie s  r e p o r te d  by W h ittak er and S iege l. T he so lid  and  d a sh e d  
lin e s  in  th is  f ig u re  a r e  a r b i t r a r i l y  d raw n  to  in d ic a te  the  g e n e ra l  b e h a v ­
io r .  I t  can be see n  th a t a ® (m o le /l i te r )" ^  co m es v e ry  c lo se
2to  m ak in g  th e  re la tio n s h ip  be tw een  AÔ^^g and  C j^  — f ^  l in e a r .  H ow ever, 
th e  p o in t fo r  the  h ig h e s t  c o n c e n tra tio n  of N, N - d im  e thy lf o rm a m d i e a p ­
p e a r s  to fa ll  s ig n if ic a n tly  above th e  l in e . T h e re fo re , a  ^ ^ 0  about
0. 9 (m o le / l i te r )   ̂ m ig h t v e ry  w e ll g ive a  b e t te r  f i t  of th e  d a ta . S ince  
N, N -d im e th y lfo rm a m id e  h a s  a  d ipo le  m o m e n t of 3. 86 w hich  is
o n ly  s lig h tly  lo w e r th an  th a t fo r  N M P, a  d ip o le -d ip o le  a s s o c ia tio n  co n -
-1
s ta n t of 0. 9 ( m o le / l i te r )  w ould  see m  to be in  s a t is fa c to ry  a g re e m e n t 
w ith  a  KgQ of 0. 71 ( m o le / l i te r )   ̂ found fo r  N M P in  the  sam e  so lv en t. 
In te re s tin g ly , th e  d a ta  of a c e to n e -d ^  a lso  g iven  in  T ab le  XXIX in d ic a te s  
th a t  v e ry  l i t t l e , i f  any, d ip o la r  a s s o c ia tio n  o c c u rs  in  th is  p o la r  so lv en t.
( m o l e / l i t e r  )20  '
( m o l e / l i t e r )20  ■
A6 ob s
0 . 2 
( m o l e / l i t e r )
0. 3
D M F
F ig u r e  X V III. G ra p h ic a l  JD stim ation  o f f o r  N, N -D im e th y lfo rm a m id e  in  




If  only  th e  p o la r  p r o p e r t ie s  of th e  so lv en t a r e  c o n s id e re d , i t
w ou ld  a p p e a r  th a t  K ^ q sh o u ld  be  abou t th e  sa m e  o r d e r  of m ag n itu d e  in
87b e n ze n e  a s  in  c a rb o n  te t r a c h lo r id e .  H ow ever, Sandoval and  H anna, , 
u s in g  NM R te ch n iq u es  on cy c lo h ex an e  so lu tio n s , h av e  shown re c e n tly  
th a t  b en zen e  i s  in v o lv ed  in  a  sp e c if ic  in te ra c t io n  w ith  N, N -d im e th y l­
fo rm a m id e  th ro u g h  w hat i s  a p p a re n tly  a  c h a rg e  t r a n s f e r  com p lex . An 
e q u ilib r iu m  c o n s ta n t of 0 .128 + 0. 0007 (m o le /k g )   ̂ a t  37°C  w as o b ta in ed . 
B en zen e , th e re fo re ,  can  n o t be  c o n s id e re d  an  in e r t  so lv en t fo r  a m id e s  
w h ich  p e rh a p s  a cc o u n ts  fo r  th e  fa c to r  of abou t 2 b e tw een  th e  d im e r iz a -  
tio n s  c o n s ta n ts  in  th is  so lv e n t an d  c a rb o n  te t r a c h lo r id e .
A lthough th e  d ipo le  m o m e n t of N M P i s  s iz e a b le , a p p ro x im a te  
c a lc u la tio n s  show th a t i t s  d ip o la r  a s s o c ia tio n  i s  n o t v e ry  e n e rg e tic . As 
d is c u s s e d  in  C h ap te r  I th e  r e s u l ta n t  d ipo le  m o m e n t in  a  N M P m o le c u le  
p ro b a b ly  l ie s  n e a r ly  c o ax ia l w ith  the  C=0 bond and c o p la n a r  w ith  the  
a m id e  g ro u p . B ase d  on th e s e  a s su m p tio n s , then , i t  a p p e a rs  th a t  the  
s a tu r a te d  r in g  of N M P w ould  p re v e n t  a  h e a d - to - ta i l  a r ra n g e m e n t  of su f ­
f ic ie n t e n e rg y  to acco u n t fo r  th e  o b se rv e d  a s s o c ia t io n . H ow ever, i f  i t  
i s  a s s u m e d  th a t th e  s i te  o f p o s it iv e  c h a rg e  is  n e a r  th e  c a rb o n y l c a rb o n  
a to m  cind th a t the  n e g a tiv e  c h a rg e  i s  lo c a te d  on the  c a rb o n y l oxygen, an 
a n t ip a r a l le l  a lig n m e n t of th e  d ip o le s  a p p e a rs  to  be  fe a s ib le , w h e re  the  
c a rb o n y l oxygen of one m o le c u le  l ie s  d ire c t ly  above th e  c a rb o n y l c a rb o n
of th e  o th e r . F ro m  s c a le  m o d e ls , p r e p a r e d  u s in g  th e  C -N  and  C=0 bond
87le n g th s  of N -m e th y la c e ta m id e  and  an a v e ra g e  van d e r  W aa l's  ra d iu s
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f o r  the  h y d ro g e n s  of the  m e th y le n e  and  m e th y l  group, a n t ip a r a l l e l  a l ig n ­
m e n t  of the  r e s u l t a n t  m o m e n ts  w il l  a llow  an a p p ro a c h  to w ith in  4 A.
T aking  4 A as  th e  d is ta n c e  of c lo s e s t  a p p ro a c h  and  a s s u m in g  p o in t d ipo les , 
a  m a x im u m  AU of abou t L 9 k c a l / m o le  i s  o b ta in ed  f r o m  (4-2), th e  r e l a ­
t ion  fo r  a n t ip a r a l l e l  a t t ra c t io n ,
AU= (4-2)
ea
w h e re  a i s  the  s e p a ra t io n  of the  d ip o le s .  Taking AU- AH, a  v a lu e  of 1. 9 
k c a l / m o le  c o r r e s p o n d s  to an 11% i n c r e a s e  in  fo r  a  10° C d ro p  in  t e m ­
p e r a t u r e .  C onsequen tly ,,  a va lue  of K2 Q 11% h ig h e r  than  the  r e s p e c t iv e
o o
25 C va lue  w as  u s e d  fo r  both so lv en ts  a t  15 C.
T he d im e r iz a t io n  of N M P  w as  n e g le c te d  in  the  t r e a tm e n t  of the  
h y d ra t io n  d a ta  in DCE s in ce  i t  can  be shown f ro m  equation  (4 -2 ) us ing  
£ = 1 0 .4  a t  25°C  fo r  DCE, th a t  - 0. 5. T h e re fo re ,  no e x ­
te n s iv e  s ta b i l iz a t io n  of th e  d ipole  p a i r  w ould  s ee m  lik e ly  in  th is  so lven t .  
F u r t h e r m o r e ,  even if  w e re  a s  m u c h  a s  0.1 ( m o l e / l i t e r )   ̂ in  DCE 
the  h y d ra te  s p e c ie s  and  a s s o c ia t io n s  c o n s ta n ts  w ould  no t be  s ig n if ic an tly  
a ffec ted .
I t  i s  i l lu m in a tin g  th a t  a ce to n e  w hich  h a s  a  d ipole  m o m e n t  of 
90
only  2. 80 D h a s  an  a n t ip a ra l le l  in te r a c t io n  e n e rg y  of a p p ro x im a te ly
3. 0 k c a l / m o le .  T h is  l a r g e  e n e rg e t ic  d i f fe ren c e  be tw een  the  a s s o c ia t io n  
of a ce to n e  and  N M P r e f le c t s  the  im p o r ta n c e  of the  d is ta n c e  o f  c lo s e s t  
a p p ro a c h  of the  in te r a c t in g  d ip o le s .  In addition , i t  i s  in te r e s t in g  th a t  
a ce to n e ,  d e sp i te  i t s  g r e a t e r  e n e rg y  of a t t r a c t io n ,  h a s  a  d im e r iz a t io n
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-1 91c o n s ta n t  of only  0 . 2 ( m o le / l i t e r )  in  c a rb o n  te t r a c h lo r id e ,  w h ich  is  
l e s s  than  1/3 th a t  fo r  N M P. T h is  d i f f e r e n c e  w ould  s e e m  to  show th e
84effec t  of the  v o lu m e  o ccup ied  by the  a s s o c ia te d  p a i r .  T r e in e r ,  e t a l . ,
p ro p o s e  th a t  th e  e q u i l ib r iu m  c o n s ta n t  fo r  d ip o la r  a s s o c ia t io n  i s  d i r e c t ly
p ro p o r t io n a l  to  th e  vo lum e of th e  p a i r .  B a s e d  on s c a le  m o d e ls  th e  a n t i -
3
p a r a l l e l  d im e r  of N M P a p p e a r s  to h a v e  a vo lum e of o v e r  400 A w hile
3
th a t  of a c e to n e  i s  b e tw een  100-200 A .
The H y d ra t io n  of N - M e th y l - 2 - P y r r o l id o n e  
and  N, N -D im e th y la c e ta m id e
In T a b le s  XXVI th rough  XVIII, p a g e s  121 th ro u g h  124 , th e  v a r ­
ious  l e a s t  s q u a r e s  f i ts  fo r  a l l  t h r e e  so lv en ts  a r e  c o m p iled  fo r  e a s e  of 
c o m p a r iso n .  As s ta t e d  in  th e  l a s t  c h a p te r  none of th e  t w o - p a r a m e te r  
f i t s  w e r e  c o n s id e r e d  s a t i s f a c to r y  s in ce  th e  RMSD fo r  th e s e  w e r e  a lw ays
1. 4 to  5 t im e s  h ig h e r  than  th e  b e s t  v a lu e s .  C lo s e r  e x am in a tio n  of the  
f i t s  fo r  c a rb o n  t e t r a c h lo r id e  and  b e n zen e  show th a t  on ly  two of the  t h r e e -  
p a r a m e t e r  f i t s  t r i e d  a r e  s a t i s f a c to r y  fo r  a l l  fou r  s y s te m s .  F u r t h e r ­
m o r e ,  u n r e s t r i c t e d  f o u r - p a r a m e te r  f i t s  of the  s a m e  d a ta  do n o t  show 
a re d u c t io n  in  RMSD com m ons  Pirate w ith  th e  add ition  of a  p a r a m e t e r  a s  
im p l ie d  by equation  (3-7). Thus, i t  a p p e a r s  th a t  th r e e  p a r a m e t e r s  a r e  
su ff ic ien t  to s a t i s f a c to r i ly  f i t  the  h y d ra t io n  da ta .
In c a rb o n  te t r a c h lo r id e  a t  25°C, w h e re  33 da ta  p o in ts  w e r e  ob -
_3
ta in e d  f r o m  t h r e e  a c t iv i t ie s ,  th e  lo w e s t  RMSD found w as  0. 995 x  10 
m o l e / l i t e r  c o r re sp o n d in g  to the  AW, A^W and  fi t .  H ow ever, by
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a p p l ic a t io n  of equation  (3-7) the  change  in  RMSD th a t  i s  s t a t i s t i c a l ly  s ig ­
n if ic a n t  fo r  th is  s y s te m  i s  8 p e r c e n t .  T h e re fo re ,  any  f i t  w ith  a  RMSD 
of (0, 995 X 10 0. 08 = 0. 08 x  10"^ g r e a t e r  than  0. 995 x  10 ^ w i l l  be
s t a t i s t i c a l ly  i n f e r io r .  A s e a r c h  of th is  p o r t io n  of T ab le  XXVI shows
_3
th a t  on ly  one ad d i t io n a l  s e t  of s p e c ie s  fa l l  below the  va lue  of 1. 075 x  10
m o l e / l i t e r ;  th a t  is ,  AW, A2W, an d  AW^. F o r  th e  15°C d a ta  in  c a rb o n
te t r a c h lo r id e ,  w ith  44 p o in ts  (A RMSD = RMSD(min)0. 07), e x a c t ly  the
s a m e  s i tu a t io n  o b ta in s .  The AW, A 2W an d  -^2 ^ 2  s p e c ie s  gave
- 3a RMSD of 0. 659 x  10 m o l e / l i t e r ,  an d  th e  s e t  AW, A2W and  ^
- 3gave  0. 667 X 10“ m o l e / l i t e r ,  w h ile  a l l  th e  re m a in in g  a t t e m p ts  m a y  be 
c o n s id e re d  s t a t i s t i c a l l y  in f e r io r .
T he c u rv e  f it t ing  r e s u l t s  fo r  th e  h y d ra t io n  of N M P in  b e n ze n e
o
a t  25 C, w h e re  58 s a m p le s  w e re  ta k en  a t  fo u r  d i f fe re n t  a c t iv i t i e s ,  s ee m
_ 3
u n iq u e ly  c l e a r - c u t .  A RMSD of 0. 852 x  10 m o l e / l i t e r  w as  found fo r  
th e  s p e c ie s  AW, A ^W ,  and  A ^ W 2 > w h ile  th e  n ex t  b e s t  f i t  fo r  any  o th e r  
s e t  of s p e c ie s  w ith  a l l  e q u i l ib r iu m  c o n s ta n ts  p o s i t iv e  w as  AW an d  A 2 W^
_3
a t  1.194  X  10 m o l e / l i t e r ;  40 p e r c e n t  h ig h e r .  H ow ever, in  the  c a s e  of
th e  15 C da ta  in  benzene , fo r  w hich  63 d a ta  po in ts  h a d  b een  ob ta ined ,
the  AW, A)W , and  AW2 cho ice  y ie ld s  a  so m ew h a t b e t t e r  f i t  a t  0. 925 x 
-3
10 m o l e / l i t e r  than  the  s e t  AW, A ^ W  and  A2W2 a t  a  RMSD = 1. 035 x
10 ^ m o l e / l i t e r .
In  s u m m a ry ,  fo r  the  fo u r  c a rb o n  t e t r a c h lo r id e  and  b en zen e
*
s y s te m s ,  i t  a p p e a r s  th a t  AW, A2W and  A ^ W ^  a d eq u a te ly  d e s c r ib e  the
In  th e  fu tu re  th e se  two s e ts  of s p e c ie s  and  th e i r  r e s p e c t iv e  f its
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fun c tio n a l  r e la t io n  be tw een  Af-^ and  in  th r e e  of th e  s y s te m s  w hile
*
AW, A2W, and  AW£ a lso  s a t i s fy  th r e e  of the  s y s te m s  but a  d i f f e r e n t  
t h r e e .  To ch o o se  b e tw een  th e s e  two s e t s  of s p e c ie s ,  the a b so lu te  and  
r e la t iv e  m a g n i tu d e s  of the  ind iv idua l c o n s ta n ts  and  p la u s ib le  g e o m e ­
t r i e s  fo r  th e  h y d ra te d  sp ec ie s  m u s t  be  c o n s id e re d .
A ch eck  of the  m ag n itu d e  of th e  c o n s ta n ts  a s s o c ia te d  w ith  the  
AWg fit  shows th a t  i s  a lw ays  m u c h  s m a l l e r  w ith  th is  s e t  than  in  the
o th e r  f i t s .  Indeed , = 1. 4 0 .  8 fo r  b e n zen e  a t  15°C and goes  n eg a t iv e
in the  s a m e  so lv en t  a t  25°C . On th is  b a s i s ,  then, the  of s p e ­
c ie s  w hich  g ives  a  of 6 ( m o le / l i t e r )   ̂ a t  25°C in b en zen e  w ould  seem
to be the  m o r e  r e a s o n a b le .  A no ther  im p o r ta n t  fa c t  i s  th a t  th e  u n r e ­
s t r i c t e d  f o u r - p a r a m e t e r  f i ts  in  both so lv en t  s y s te m s  gave e q u i l ib r iu m  
c o n s ta n ts  n e a r ly  id e n t ic a l  to th o se  of the
E x a m in a t io n  of the  m ag n itu d e  of K^2* c o m p a re d  to  in  the
AW2 f i t  p ro \d d e s  f u r th e r  ev idence  a g a in s t  the  AW2 f i t .  A ssu m e  fo r  the 
m o m e n t  th a t  th e  two s i te s  in  th e  cy c lic  am id e ,  N M P, a r e  equ a lly  b a s ic .  
In th e  s u c c e s s iv e  h y d ra t io n  re a c t io n s ,
A + W —^  AW (4-3)
and
■ ^2
A W + W r r z l  A W , (4 -4)
the  fo r w a rd  r a t e  co ns tan t,  k^, of r e a c t io n  (4 -3 ) should  be tw ice  k 2» the
w ill  be r e f e r r e d  to a s  the  AW2 o r  ^ 2 ^ Z s in c e  the  o th e r  two s p e c ie s
a r e  com m on b e tw een  th em .
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f o r w a r d  r a t e  c o n s ta n t  fo r  r e a c t io n  (4 -4 ) .  In  addition , k  th e  r a t e  
c o n s ta n t  fo r  th e  d is so c ia t io n  of AW^ shou ld  be 2 k  s in ce  t h e r e  a r e  
tw ice  a s  m a n y  w ays  fo r  AW2 to d is so c ia te ,  c o m p a re d  to AW. By c o m ­
bining the  r a t e  e x p re s s io n s  i t  fo llow s th a t
»SW ^  ^
^ 2  “ k_2 “ 4k_^ 4




w h e re  K 2̂ i s  th e  equilibriixm c o n s ta n t  fo r  the  fo rm a t io n  of s p e c ie s  
f ro m  i t s  m o n o m e rs ,  A and  W.
T h e re fo re ,  ,
^12  -
Kll
In r e a l i ty  the  b a s ic i t i e s  of the  two s i te s  in  N M P a r e  in a l l  p ro b a b i l i ty
^11n o t  equal, and  K _ w ould  be ex p ec ted  to  be  l e s s  than  -------  .Jlo ^
F r o m  th e  AW2 f i t  fo r  N M P in  c a rb o n  t e t r a c h lo r id e  a t  25 C a
of a p p ro x im a te ly  6 (m o le / l i te r ) " ^  w as  o b ta ined . B a se d  on the  p re c e d in g
-2
a rg u m e n t  a  K 2̂ no m o r e  than 9 ( m o l e / l i t e r )  w ould be a n t ic ip a te d .  
H ow ever, a s  can  be  s ee n  f ro m  T ab le  XXVI a  m o n o m e r  d ih y d ra te  c o n ­
s ta n t  of 316 ( m o l e / l i t e r )  ^ w as  c a lc u la te d  f r o m  the  AW y  f i t .  S im i la r  
l a r g e  r a t io s  of —— a r e  found in the  o th e r  t h r e e  s y s te m s .  C o n s ta n ts  of
Kfi
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th is  m ag n itu d e  w ou ld  d e m an d  an e n o rm o u s  s ta b i l iz a t io n  of th e  AW2 s p e ­
c ie s .
One fo r m  of s ta b i l iz a t io n  i s  fo r  th e  a m id e  and  the  two w a te r  
m o le c u le s  to  f o r m  a  c y c l ic  s t r u c tu r e .  H o w ev e r ,  i f  the  h y d ro g e n  bond  
to th e  c a rb o n y l  oxygen  i s  c o n s id e re d  to be  n e a r l y  l in e a r  and  to be  c o ­
p la n a r  w ith  the  a m id e  group , and  if  the  fo r m a t io n  of the  h y d ro g e n  bond  
to th e  n i t r o g e n  i s  c o n s id e r e d  to o c c u r  n e a r l y  p e r p e n d ic u la r  to  th e  p la n e  
of a m id e  group, a  h ig h ly  s ta b i l iz e d  (u n s t ra in e d )  cy c lic  s t r u c tu r e  can  
n o t be  m a d e  f r o m  s c a le  m o d e ls .  F u r t h e r m o r e ,  s in ce  the  n i t ro g e n  lone  
p a i r  i s  p ro b a b ly  l e s s  b a s ic  than  th e  oxygen lone  p a i r s  (see  p a r t  III of 
the  In tro d u c tio n )  the  fo rm a t io n  of a  cy c l ic  s p e c ie s  involv ing  both s i t e s  
w ould  no t s e e m  to  be  su f f ic ien tly  e n e r g e t ic  to s ta b i l iz e  such s t r a in e d  
bond an g le s .
A no ther  w ay  th a t  a  m o n o m e r  d ih y d ra te  s p e c ie s  m a y  be s o m e ­
w hat s ta b i l iz e d  i s  th a t  the  second  w a te r  m o le c u le  bonds only  to the
92f i r s t .  F r a n k  and  Wen, fo r  exam ple , a r g u e  th a t  when a  w a te r  m o l e ­
cu le  d o n a tes  a  p ro to n  to fo rm  a h y d ro g en  bond, th e  w a te r  oxygen b e ­
c o m es  m o r e  b a s ic .  T he  bonding of a  sec o n d  w a te r  m o le c u le  to th is  
oxygen i s  then  m o r e  e n e r g e t ic .  H ow ever , th e  s ta b i l iz a t io n  a c h ie v e d  
in th is  w ay  w ould  n o t  r e a so n a b ly  be e x p ec te d  to c a u se  a  15-fold i n c r e a s e  
in o v e r
On the  p o s i t iv e  s ide, the  a p p a r e n t  s ta b i l i ty  of the  s p e c ie s
can be  exp la in ed  m o r e  r e a i ly .  F i r s t  t h e r e  i s  a  m u l t ip l ic i ty  of w ays
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th a t  the  can be f o r m e d  f ro m  b im o le c u la r  e n c o u n te rs ,
AW + AW = A^W^ 
AW^ + A = A^W^ 
A ,W  + W = AgWg
w h e r e  the  p r e s e n c e  of a  s m a l l  bu t p e rh a p s  u n d e te c ta b le  c o n c e n tra t io n  
of AW 2 h a s  b een  a s s u m e d .  Second, on th e  b a s i s  of s c a le  m o d e ls  and  
a s s u m in g  the  w a te r  m o le c u le s  to b r id g e  the  two l a c t a m  m o le c u le s  by 
h y d ro g en  bonding to the  c a rb o n y l  oxygen of one an d  th e  n i t ro g e n  of the  
o th e r ,  a  r e m a r k a b le  c y c lic  s t r u c t u r e  i s  a ch ie v e d .  T h is  s t r u c tu r e  h a s  
a t  l e a s t  fou r  f a c to r s  w hich  c o n tr ib u te  to i t s  s tab i l i ty :
1) a s s u m in g  an 0 -0  and  N -0  h y d ro g en  bond  d is ta n c e  of 2. 8 A, 
th e  C=0 g ro u p s  of the  two N M P m o le c u le s  a p p ro a c h  to w ith in  3. 5 A; 
th e r e b y  a  d ip o le -d ip o le  in te r a c t io n  e n e rg y  ( a n t ip a ra l le l )  c o n tr ib u tio n  
f r o m  th e  a m id e  g ro u p s  of a p p ro x im a te ly  -5 . 5 k c a l / m o l e  i s  ach ieved ;
2) th e  c o m p le x  m a y  be fo r m e d  w ith  a l l  th e  n o r m a l  bond an g les  
p r e s e r v e d ,  thus  the e n e rg y  of h y d ro g en  bonding i s  a  m a x im u m  fo r  the  
g iven  in te ra c t io n ;
3) th e r e  w ould  be  an e n e rg y  t e r m  d e r iv e d  f r o m  the  d ipo le -  
d ipo le  in te r a c t io n  of the  a m id e  group  and  i t s  n e ig h b o r in g  w a te r  m o l e ­
cu le , (u = 1. 8 D) w hich  i s  p ro b a b ly  s l igh tly  l e s s  th a n  -3 k c a l /m o le ;
4) th e r e  a r e  fo u r  h y d ro g e n  bonds invo lved ;
and  f ina lly , the  group  h a s  a  c e n te r  of s y m m e try .  T h e re fo re ,  i f  an
138
a v e r a g e  h y d ro g en  bonding h e a t  of fo rm a tio n  of -3 k c a l / m o le  i s  a s su m e d ,  
th e  fo rm a t io n  of the  s p e c ie s  should  be a c c o m p a n ie d  by  a -AH of
a p p ro x im a te ly  20 k c a l /m o le ,  w h ich  s e e m s  m o r e  than  a d eq u a te  to explain  
i t s  a p p a re n t  s tab i l i ty .  T h e re fo re ,  d e sp i te  the  s t a t i s t i c a l  eq u iv a len ce  of 
the  two t h r e e - p a r a m e t e r  f i t s  u n d e r  question , th e  ^ 2 ^ 2  a p p e a r  to
be the  m o s t  r e a s o n a b le  on a  s t r u c t u r a l  and  e n e rg e t ic  b a s i s .
The s p e c ie s  A^VV w hich  is  com m on to both  of the  b e s t  f i t s  of the  
h y d ra t io n  d a ta  fo r  c a rb o n  t e t r a c h l o r id e  and  b en zen e  i s  an  in te r e s t in g  one 
a s  w e ll .  M ohr, Wilk and  B a r ro w ^ ^  have  s tud ied  the  n e a r  i n f r a r e d  s p e c ­
t r a  of n u m e ro u s  L e w is  b a s e s ,  inc lud ing  ace tone , d ioxane and  N, N -d im  ethyl ■ 
fo rm a m id e ,  in  w a te r  s a tu r a t e d  c a rb o n  t e t r a c h lo r id e  as  a  function  of b a se  
c o n c e n tra t io n .  F o r  a l l  the  b a s e s  s tu d ied  and  g e n e r a l ly  a ro u n d  0. 2 m o le /  
l i t e r  of b a se  and 0. 01 m o l e / l i t e r  of w a te r  the  v(OH) of H 2O s p l i ts  into 
two b ands . The h ig h e r  f r e q u e n c y  band w as  found to be n a r r o w  and only 
s l ig h t ly  sh if ted  f r o m  the  a n t i s y m m e t r i c  s t r e tc h in g  m ode , Vg, of f r e e  
w a te r  in  c a rb o n  t e t r a c h lo r id e  a t  3706 c m " \  At h ig h e r  b a s e  c o n c e n t r a ­
t io n s  the  s h a rp  band d isappea ,red  and  fo r  the  w e a k e r  b a s e s  i t  w as  r e ­
p la c e d  by two b ro a d  bands in  th e  lo w e r  f r e q u e n cy  reg io n .  In addition, 
th e  double band  s t r u c tu r e  p e r s i s t e d  to ze ro  c a rb o n  t e t r a c h lo r id e  c o n c e n ­
t r a t io n s .  F o r  the  s t r o n g e r  b a s e s  a t  h ig h e r  c o n c e n tra t io n s  on ly  a s ing le  
b ro a d  band  w as  a p p a re n t  in  th e  sam e  reg ion .
T he d is a p p e a ra n c e  of the  Vg a b so rb a n c e  w as  tak en  a s  s t ro n g  
ev idence  th a t  both h y d ro g e n s  of a  w a te r  w e re  invo lved  in  h y d ro g en  bonds.
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T h e re fo re ,  the  p re d o m in a n t  s p e c ie s  p r e s e n t  o v e r  th e  c o n c e n tra t io n  
ra n g e  s tu d ied  p ro b a b ly  in v o lv es  two b a se  m o le c u le s  and  one w a te r ;  th a t  
i s  a  s p e c ie s  c o r re sp o n d in g  to  th e  AgW found f r o m  th e  p r e s e n t  study. 
Inc iden tly j the  ^ 2 ^ 2  p r o p o s e d  above shou ld  h a v e  a  n e a r  i n f r a r e d
s p e c t ru m  n e a r ly  id e n t ic a l  to' th a t  of A2W.
F u r th e r m o r e ,  th e  s a m e  w o r k e r s  found no d e te c ta b le  s p e c t r a l  
ch an g es  a s  th e  fo r m a l  c o n c e n tra t io n  of w a te r  w as  r a i s e d  to 0 .2  m o le /  
l i t e r .  H ow ever, a t  w a te r  c o n c e n tra t io n s  above  0. 2 m o l e / l i t e r  a b r o a d ­
ening and  in te n s i f ic a t io n  of the  low f re q u e n cy  s ide  of th e  a b so rp t io n  r e ­
gion b e c a m e  a p p a re n t .  I t  w as  a lso  no ted  th a t  th e s e  c h an g es  w e re  s im i la r
to th o se  th a t  o c c u r  in  l iq u id  w a te r  and give r i s e  to  th e  R am an  sh if ts  r e -
93 -1p o r te d  by  B using  and H o rn in g  a t  3225 and 3450 cm  . T h e se  w a te r  to
w a te r  a b s o r b a n c e s  bands m ig h t  v e r y  w ell be  due to m o le c u la r  sp ec ie s
such  a s  AW g found in DCE f ro m  the  w o rk  p r e s e n te d  h e r e .
F '^ i 't if ied  w ith  the  s p e c t r a l  ev idence  fo r  the  A^W sp ec ie s ,  the
n e x t  c o n s id e ra t io n  i s  i t s  s t r u c t u r e .  In p r e p a r in g  a s t r u c t u r e  fo r  the
A^W s p e c ie s  the  d ipole  m o m e n t  of N M P should  s u r e ly  be c o n s id e re d
s in ce  d ip o la r  a t t r a c t io n  p la y s  a  s ig n if ican t  ro le  in  th e  s ta b i l i ty  of th is
m o le c u la r  com plex . F r o m  s c a le  m o d e ls  i t  qu ick ly  b e c o m e s  a p p a re n t
th a t  in  any  s t r u c tu r e  w h e re  the  w a te r  m o le c u le  b r id g e s  th e  c a rb o n y l
g ro u p  of the  two la c ta m  m o le c u le s ,  d ip o la r  a s s o c ia t io n  be tw een  the
N M P m o m e n ts  w ould  be n e g l ig ib le  due to th e i r  l a r g e  s e p a ra t io n  and  p oo r
a l ig n m en t.  F u r th e r m o r e ,  b r id g in g  be tw een  the  n i t r o g e n s  of the am id e
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g ro u p s  w ou ld  s e e m  u n lik e ly  due to  th e  a p p a r e n t  lo w e r  b a s ic i ty  of the  
a m id e  n i t r o g e n  a s  c o m p a r e d  to  th e  oxygen and  due ag a in  to th e  l a r g e  
s e p a ra t io n  and  p o o r  a l ig n m e n t  of th e  d ip o le s .  H o w ever , i f  one h y d ro g e n  
bond i s  c o n s id e r e d  to  o c c u r  c o p la n a r  w ith  th e  a m id e  g ro u p  of th e  f i r s t  
N M P m o le c u le  and  co ax ia l  w ith  th e  f r e e - e l e c t r o n  p a i r  o r b i t a l  of the  c a r ­
bonyl oxygen, and  i f  th e  s ec o n d  h y d ro g e n  bond i s  ta k en  n e a r l y  p e r p e n ­
d ic u la r  to  th e  n i t ro g e n  a to m  of th e  s ec o n d  N M P  m o le c u le ,  then  the  d ip o le s  
w il l  be  p r o p e r ly  a l ig n ed  an d  b e  su ff ic ie n t ly  c lo se  to a llow  a  s ig n if ic an t  
in te r a c t io n .  In fac t,  i f  h y d ro g e n  bonding 0 -0  and  0-N  d is ta n c e s  of 2. 8 A 
a r e  c o n s id e re d ,  the d ipo les  w il l  a p p ro a c h  to  w ith in  3. 5 to  3. 6 A and  a d i ­
p o la r  h e a t  of fo rm a t io n  of -4  o r  5 k c a l / m o l e  w il l  be  r e a l iz e d .  T h is  e f ­
fec t, c o m b in ed  w ith  th e  fo rm a t io n  of two h y d ro g e n  bonds w ould  s e e m  to 
acco u n t  fo r  th e  o b s e r v e d  s ta b i l i ty  of the  AgW s p e c ie s .  Thus, the  p r e ­
do m in an t  s t r u c t u r e  fo r  the  AgW s p e c ie s  i s  p ro b a b ly  the  an h y d ro u s  d i ­
p o la r  d im e r  'g lu ed ' to g e th e r  w ith  a  w a te r  m o le c u le .  In  add ition , the  
p ro p o s e d  A 2W s t r u c t u r e  i s  th e  s a m e  a s  th a t  fo r  th e  A 2 W 2  s p e c ie s  w ith  
one w a te r  m o le c u le  rem o v ed .
T he  o r d e r  of m ag n itu d e  ex p ec te d  fo r  the fo r m a t io n  c o n s ta n t  
a s s o c ia te d  w ith  the  A2W s p e c ie s  i s  a lso  of i n t e r e s t .  If  AgW is  c o n s id ­
e r e d  to be fo r m e d  f r o m  the  fo llow ing  e q u il ib r ia ,
ki
A +  W ; = ±  AW (4-5)
k - i
A W + A r ^ A , W  (4-6)k -2  ^
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and  if  t h e r e  i s  no a  p r i o r i  d i f f e re n c e  in  th e  h y d ro g en  bonding a b i l i ty  of 
the  s ec o n d  h y d ro g e n  of w a te r  once  th e  f i r s t  h a s  bonded, k 2 sh ou ld  equal 
— ky  s in ce  t h e r e  a r e  only h a lf  th e  n u m b e r  of s i t e s  a v a i la b le  to  th e  s e c ­
ond A m o le c u le .  S im ila r ly ,  k ^ shou ld  equal 2k ^  s in c e  th e r e  a r e  two 
w ays th a t  AgW can  d is s o c ia te  and  on ly  one fo r  AW. T h e re fo re ,  fo l lo w ­
ing an  a rg u m e n t  c o m p le te ly  analogous  to  th a t  ap p lied  to AWg, i t  can  be 
seen  that,
4
F o r  N M P in  c a rb o n  te t r a c h l o r id e  a t  25°C  w as  found to be 9. 2 (m o le /  
l i t e r )  \  T h e re fo re ,  i f  the  above  r e a so n in g  i s  c o r r e c t ,  sh o u ld  equal 
21 ( m o l e / l i t e r )  ^ a t  th is  t e m p e r a t u r e .  As can  be  seen  f ro m  T ab le  XXVI, 
K 22 of 39 ( m o l e / l i t e r )  ^ w as  a c tu a l ly  found. T h is  e n h an cem en t of K 21 
o v e r  K ^ / 4  p ro b a b ly  in d ic a te s  th a t  A2W can be fo rm e d  in m o r e  w ays  
than  a s s u m e d  in e q u i lb r ia  (4 -5 ) and  (4 -6), F o r  benzene , ho w ev er ,  
i s  on ly  abou t h a l f  of K^^^/4, w hich  in d ic a te s  th a t  the  so lv en t e f fec ts  a r e  
m o r e  im p o r ta n t  to w a rd  h ig h e r  s p e c ie s .
T u rn in g  to th e  h y d ra t io n  s tu d ie s  in  DCE, i t  can  b e  seen  f r o m  
T ab le  XXVIII th a t  th e  b e s t  l e a s t  s q u a r e s  f i t s  fo r  the  th r e e  s e ts  of da ta  
a r e  AW, A^W, AW2 and  AW, A W ^. A ^ W ^ .  F o r  N M P in  DCE a t  25°C ,
w h e re  58 p i e c e s  of da ta  w e r e  co lle c ted ,  th e  A^W f it  gave  an  RMSD of
-3 3
0 .800x10  m o l e / l i t e r  and  A2W2 h a d  a  RMSD = 0 .8 4 5 x 1 0  m o l e / l i t e r .
O nce again , a p p l ic a t io n  of equation  (3 -7) in d ic a te s  th a t  th e s e  two f i t s
a r e  s t a t i s t i c a l ly  equ iva len t.  S im i la r  to th e  s i tu a t io n  w ith  b en zen e  a t
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15°C, ho w ev er ,  the  AW^ f i t  fo r  N M P in  DCE a t  15°C w ith  n = 63 a p p e a r s  
to g ive  a s t a t i s t i c a l ly  s u p e r io r  fit . Thus, w e a r e  aga in  fa c ed  w ith  the  
p ro b le m  of two e s s e n t ia l ly  equ iva len t s t a t i s t i c a l  t r e a tm e n t s  fo r  N M P 
in  DCE.
B a s e d  on th e  7 to 9 - fo ld  d e c r e a s e  of in  p a s s in g  f ro m  c a r ­
bon t e t r a c h lo r id e  to  benzene , i t  i s  u n re a s o n a b le  th a t  ^2X  should  be as 
l a r g e  a s  3. 3 ( m o le / l i t e r ) " ^ ,  p a r t i c u l a r ly  s in ce  i t  w as  only  4. 2 in  b e n ­
zene . F u r t h e r m o r e ,  in  the  A^W fit  of th e  h y d ra t io n  da ta  a t  25°C, 
w as  n eg a tiv e  and in  the  tw o - p a r a m e te r  AW and  A2W fit, w as  n e g l i ­
g ib le  a s  i t  w as  fo r  th e  15°C datac E xac tly , the  s a m e  s i tu a t io n  w as  o b ­
s e r v e d  fo r  Kgy w ith  th e  h y d ra t io n  da ta  of N, N -d im e th y la c e ta m id e  (NDMA) 
in  DCE, w hich  w ould  no t be  expec ted  to a c t  s ig n if ic a n t ly  d if fe ren t ly
to w a rd  h y d ra t io n .  In addition , w ith  the  AW^ f it  d e c r e a s e s  by an
o
u n re a s o n a b le  f a c to r  of 3 fo r  a  10 C t e m p e r a t u r e  in te rv a l .  T h e re fo re ,  
the  only  s e t  of s p e c ie s  which c o n s is te n t ly  s a t i s f i e d  a l l  t h r e e  s e ts  of 
d a ta  and  gave re a s o n a b le  v a lu es  of the  h ig h e r  h y d ra t io n  c o n s ta n ts  is  
AW, AWg, and A^Wn.
The fa c t  th a t  the s p e c ie s  AW£ h a s  b e co m e  im p o r ta n t  in  DCE 
w hile  i t  a p p a re n t ly  w a s n ' t  in  c a rb o n  t e t r a c h l o r id e  and  b enzene  i s  no 
doubt due to the  m a s s  ac tion  effec t re s u l t in g  f ro m  the  m u ch  g r e a t e r  
w a te r  so lu b il i ty  in  th is  so lven t. Even a  five  t im e s  a s  g r e a t  a s  the 
3, 5 ( m o le / l i t e r )  ^ found fo r  N M P in DCE a t  25°C  w ould give a s p e c ie s  
c o n ce n tra t io n  of only  0, 0026 m o l e / l i t e r  in  b en zen e  a t  the  h ig h e s t  w a te r
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a c t iv i ty  and  la c ta m  c o n c e n tra t io n s  u sed .
The re la t iv e  im p o r ta n c e  of the  s p e c ie s  AW, A^W and  A 2W2 to  
th e  o v e ra l l  h y d ra t io n  of N M P in  c a rb o n  t e t r a c h l o r id e  and  b en zen e  a t  25°C  
can  be  in f e r r e d  f r o m  the  s p e c ie s  c o n c e n tra t io n s  l i s t e d  in  T ab le  XXX.
T A B L E XXX
HYDRATE SP E C IE S  CONCENTRATIONS O F N -M E T H Y L - 
2-P Y R R O LID O N E IN CARBON T E T R A C H L O R ID E AND
B E N Z E N E  25°C
C arb o n  T e t r a c h lo r id e
" = A +  ZISzoC i +  + 2K 2 2 ^ A ^ W
-  C ^  + 9. 2 C ^ C ^ + 2(0. 71)C^ + 2 ( 3 9 ) C ^ C ^  + 2 (1 3 3 0 )C ^ C ^
and = 9
2 2 
. + 3 9 C ^ C ^  + 2(133ü)C^'n 2W
^ A ^AW CA j W ^ApW2 ^ A ^A
0.1 0. 003 0. 0028 0. 0012 0. 0001 0. 0071 0. 0064 0.1218
0.1 0. 006 0. 0056 0 .0 0 2 4 0. 0005 0. 0071 0. 0098 0.1256
0 ,3 0. 003 0. 0084 0. 0105 0. 0011 0. 0639 0. 0211 0 .4599
0 .3 0 . 006 0. 0168 0. 0210 0. 0044 0, 0639 0. 0476 0. 4964
B enzene
"A " ^A ^ l^ A ^ W  + ^ ^20^A + ^^21^ a ^W + ^^22^A^W
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T A B LE X X X --C o n tin u ed
C a  + 6. O C ^ C ^  + 2(0. 3 9 )C ^  + 2(4. 3 ) C ^ C ^  + 2 (4 3 0 ) C ^ C ^  
and A f^  = 6. O C ^ C ^  + 4. 3 C ^ C ,y  + 2 (4 3 0 ) C ^ C ^
^ A ^AW Ca ^W CAgWg ^ A ^A
0.1 0. 01 0. 0060 0. 0004 0. 0004 0. 0039 0, 0072 0.1154
0.1 0. 02 0. 0120 0. 0008 0, 0016 0. 0039 0. 0160 0.1246
0 .3 0. 01 0. 0180 0. 0039 0. 0039 0. 0351 0. 0297 0. 3987
0. 3 0. 02 0. 0360 0. 0078 0. 0156 0. 0351 0. 0740 0. 4730
T he  la c t a m  m o n o m e r  c o n ce n tra t io n ,  C ^ ,  and  m o n o m e r  w a te r  c o n ce n ­
t r a t io n ,  C ^ ,  u s e d  to m a k e  up th is  ta b le  a p p ro x im a te  th e  e x p e r im e n ta l  
c o n c e n t ra t io n  ra n g e  of A f^  and  f ^ .  I t  is  im m e d ia te ly  a p p a re n t  in  c a rb o n  
t e t r a c h l o r id e  th a t  a s  th e  c o n c e n tra t io n  of N M P is  r a i s e d  th e  im p o r ta n c e  
of s p e c ie s  A^W r i s e s  ra p id ly  u n t i l  a t  a  m o n o m e r  c o n c e n tra t io n  of 0. 3 
m o l a r  i t  b e c o m e s  the  m a j o r  h y d ra te d  s p e c ie s .  I t  i s  a lso  n o tew o rth y  
th a t  the  s p e c ie s  c o n c e n tra t io n  of A 2 W^ i s  qu ite  s m a l l  o v e r  the  e x p e r i ­
m e n ta l  ran g e ,  d e sp i te  i t s  l a r g e  e q u i l ib r iu m  co n stan t ,  a s  w a s  in d ic a ted  
in  the  p lo t  of A f^  v s . ( f ^  - a-^y (F ig u re  X).
T u rn in g  to the b en zen e  data , qu ite  a  d if fe re n t  s i tu a t io n  i s  seen .
The c o n c e n t ra t io n  of A^W i s  now the  l e a s t  im p o r ta n t  o v e r  the  e x p e r i ­
m e n ta l  r a n g e  s tu d ied  and  A ^ W 2̂ h a s  b eco m e  r e la t iv e ly  m u c h  m o r e
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im p o r ta n t .  H o w ever , the m o n o m e r  m o n o h y d ra te  s t i l l  m a k e s  up the  
bu lk  of th e  h y d r a te  c o n c e n tra t io n  in  th is  so lven t .  T he  r i s in g  i m p o r ­
ta n ce  of th e  s p e c ie s  ^ i s  a p p a r e n t ly  due to the  m a s s  a c t io n  e ffec t  
r e s u l t in g  f ro m  th e  a p p ro x im a te  4 - fo ld  i n c r e a s e  in  th e  so lu b il i ty  of w a te r  
in  b en zen e  o v e r  th a t  in  ca rb o n  t e t r a c h lo r id e ,  s in ce  b en zen e  is
only  1/3 of th a t  in  c a rb o n  t e t r a c h lo r id e .
H y d ra te  s p e c ie s  c o n c e n tra t io n s  fo r  N M P in  DCE a t  25°C  a r e  given 
in  T ab le  XXXI. N o tew o rth y  i s  th e  f a c t  th a t  the  m o n o m e r  m o n o h y d ra te
TA B L E  XXXI
HY D RA TE SPE C IES CONCENTRATIONS OF N -M E T H Y L -2 -  
PY RRO LID O N E IN 1. 2 -D IC H LO R O ETH A N E 25°D
^A = Ca  + ^ i Ca ^ w  + Kj ẑ Ca ^W  +
-  C ^  + 2. 4 C ^ C ^  + 3. 5C^C-yy + 2 ( l6 ) C ^ C ^
and = 2. 4C ^C Yf + 2(3. 5 )C ^ C w  + 2(16)C^C-^
Ca C w  ^ A W CaW2 A % fA
oa 0. 02 0. 0048 0. 0001 0. 0003 0, 0056 0.1055
oa 0. 08 0. 0192 0. 0011 0. 0051 0, 0316 0.1305
0.4 0. 02 0. 0192 0. 0003 0. 0010 0, 0218 0. 4215
0 .4 0. 08 0. 0768 0. 0045 0. 0154 0.1066 0. 5121
s p e c ie s ,  AW, h a s  b eco m e  the  l a r g e s t  s p e c ie s  by a t  l e a s t  a  f a c to r  of
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fiv e  a t  th e  h ig h e s t  e x p e r im e n ta l  c o n c e n tra t io n s  of la c ta m  and  w a te r .
O nce aga in  i t  can  be  seen  tha t  so lv en t  p o la r i ty  h a s  a  m o r e  p ro n o u n c e d  
e ffec t  on th e  h ig h ly  p o ly m e r iz e d  s p e c ie s .  A lthough ^ 2 ^ 2  the  seco n d  
l a r g e s t  sp e c ie s ,  i t  m a k e s  a co n tr ib u t io n  of only 15% to w a rd  the  to ta l  
h y d ra te  s p e c ie s  c o n ce n tra t io n .  The s p e c ie s  AW2 c o n tr ib u te s  l e s s  than  
5% to the  to ta l ,  bu t i s  s t i l l  a p p a re n t ly  a  s ig n if ic a n t  sp e c ie s .
F u r t h e r  ju s t i f ic a t io n  fo r  the  e q u i l ib r iu m  c o n s tan ts  r e p o r t e d  h e r e  
can  be o f fe re d  by c o m p a r iso n  w ith  the  l i t e r a t u r e  v a lu es .  As s ta t e d  in 
C h ap te r  I, to the  a u th o r 's  know ledge only  t h r e e  q u an ti ta t iv e  s tu d ie s  
o th e r  than  th is  one hav e  been  conducted  on the  h y d ra t io n  of a m id e s  in  
o rg a n ic  s o lv en ts .  T he f i r s t  of th e se  w as  th e  n e a r  i n f r a r e d  w o rk  of 
W orley^  w ith  2 -p y r ro l id o n e  and N M P in  c a rb o n  te t r a c h lo r id e  a t  25°C .
By following both the  f r e e  v(OH) band a t  2. 680)j and  the h y d ra te  a b s o r b ­
a n ce  a t  2. 860(jas  a  function  of N M P c o n c e n tra t io n  and w a te r  a c t iv i ty .  
W o rley  r e p o r te d  a  of 16. 2 (m o le /k g )   ̂ w h ich  c o r re s p o n d s  to a  of 
abou t 11 ( m o l e / l i t e r )  \  C o m p a r iso n  of th e  m o n o m e r  m o n o h y d ra te  c o n ­
s ta n t  fo r  NM P in  c a rb o n  te t r a c h lo r id e  a t  25°C  given in  T ab le  XXVI shows 
th a t  the  s p e c t r a l  c o n s ta n t  is  n e a r ly  1. 2 t im e s  a s  l a r g e .  A lthough the  
s e l f - a s s o c i a t io n  of NM P would be  n e g l ig ib le  o v e r  the  c o n ce n tra t io n  ra n g e  
th a t  W orley  u s e d  (up to 0. 04 m o le / l i t e r ) ,  th e  c o n tr ib u tio n  of A2W a t
th e s e  c o n c e n tra t io n s  a p p e a rs  to be s ig n if ic an t .  Using = 39 (m o le /
2
l i t e r )  , = 9 .2  ( m o le / l i t e r )  and  C ^  = 0. 03 m o l e / l i t e r ,  the  c o n c e n ­
tr a t io n  of sp e c ie s  A^W w ould be about 0. 003 and  th a t fo r AW w ould  be
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on ly  0. 0024 m o l e / l i t e r .  T h e re fo re ,  a t  a  f o r m a l  l a c ta m  c o n c e n tra t io n  
l e s s  than  th e  maixlmum u s e d  in  th e  s p e c t r a l  s tudy  th e  AgW w ould  r e p r e ­
s e n t  o v e r  10% of the  to ta l  h y d ra te  c o n c e n tra t io n .  The p r e s e n c e  of a d d i ­
t io n a l  s p e c ie s  then m ig h t  a cco u n t fo r  m o s t  of th e  d i f f e r e n c e  in  the  two 
v a lu es .
The seco n d  s tudy  of the  h y d ra t io n  of th e  a m id e  g roup  in  n o n -
h y d ro x y lic  so lv en ts  w as  th e  v ap o r  p r e s s u r e  and  so lu te  i s o p ie s t ic  e x p e r i -
3m e n ts  of G rig sb y ,  W orking  w ith  c a rb o n  t e t r a c h l o r id e  so lu tions  of N -
o
m e th y a c e ta m id e  a t  25 C G r ig sb y  found a m o n o m e r  m o n o h y d ra te  e q u i l i -
b r iu m  co n s ta n t  of 12 ( m o l e / l i t e r )  \  T h is  v a lu e  is  on ly  s l ig h tly  h ig h e r
th an  the  of 9. 2 m o l e / l i t e r  r e p o r te d  h e r e .  F u r t h e r m o r e ,  a  s l ig h tly
h ig h e r  va lue  of m ig h t  be  a n t ic ip a te d  fo r  th is  com pound  s in ce  any
H
c o n tr ib u tio n  f ro m  N - H  w ould  be r e f l e c te d  in  the  o b ­
s e r v e d  1:1 e q u i l ib r iu m  co n stan t .
17
T he  r e c e n t  NMR w o rk  of T a k ah ash i  and  L i c o n s t i tu te s  the  
th i r d  q u an ti ta t iv e  s tudy  of th e  in te r a c t io n  of a m id e s  w ith  w a te r .  T h e se  
w o r k e r s  concluded  f ro m  a s tudy of N, N -d im e th y l f o rm a m id e  and w a te r  
in  cyc lo h ex an e  so lu tions  th a t  one of the  m a jo r  s p e c ie s  p r e s e n t  w as  AgW ; 
th a t  i s  a w a te r  b r id g in g  two a m id e  m o le c u le s .  H o w ever , to ob ta in  a  
w a te r  p ro to n  s p e c t ru m  w ith  th is  s y s te m  i t  w as  n e c e s s a r y  to u s e  a m id e  
c o n c e n tra t io n s  in  e x ce ss  of 0. 5 m o le  f r a c t io n .  T h e re fo re ,  the  c o n ­
s ta n ts  can  no t be c o n s id e re d  th o se  fo r  an  i n e r t  so lven t .  F u r t h e r m o r e ,  
an  e q u i l ib r iu m  co n s ta n t  fo r  th e  fo rm a t io n  of th e  1:1 s p e c ie s  cou ld  n o t  be
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c a lc u la te d  f r o m  the. NMR da ta .  C onsequently , th e  2:1 c o n s ta n t  of 0. 24 
( m o l e / l i t e r )   ̂ a t  35 C o b ta in ed  w as  fo r  the  s t e p - w is e  r e a c t io n  and  a 
d i r e c t  c o m p a r is o n  to th e  2:1 c o n s ta n t  p r e s e n te d  h e r e ,  w hich  w as  c a lc u ­
l a t e d  f r o m  m o n o m e rs ,  can  n o t  be  m ad e .  H o w ever , f r o m  the  d a ta  in
SW
T a b le  XXVI a  s te p - w is e  c o n s ta n t  = ^ 2 1 /K   ̂ a p p ro x im a te ly  4
fo r  c a rb o n  t e t r a c h lo r id e  a t  25°C  is  found. T h is  l6 - f o ld  d i f fe re n c e  in 
s t e p - w is e  co n s ta n ts  fo r  th e  2:1 s p e c ie s  p ro b a b ly  r e s u l t s  f r o m  th e  h igh 
p o la r i ty  of the so lven t u s e d  in  th e  NMR study, s in c e  a  s l ig h tly  l a r g e r  
c o n s ta n t  w ould  be  ex p ec te d  fo r  th e  s a m e  a s s o c ia t io n  in  d i lu te  cyc lo h ex an e  
o v e r  th a t  in  c a rb o n  te t r a c h l o r id e .
C H A P T E R  V 
CONCLUSIONS
S e lf -A sso c ia t io n  of N - M e th y l - 2 - P y r r o l id o n e  
I t  h a s  been  shown th a t  v a p o r  p r e s s u r e  lo w e r in g  a f fo rd s  a c o n ­
v en ien t  an d  p r e c i s e  m e th o d  fo r  th e  ev a lu a tio n  of d ip o la r  a s s o c ia t io n  c o n ­
s ta n ts .  T he  s ta n d a rd  d ev ia t io n s  found fo r  of l e s s  than 10% s tro n g ly  
r e f l e c t  the  s iz e  of the  a s s o c ia t io n  co n s tan t .  F o r  a  c o n s ta n t  m u ch  g r e a t e r  
than  3 and  c e r ta in ly  fo r  c o n s ta n ts  l a r g e r  thcin 10 ( m o l e / l i t e r )   ̂ v ap o r  
p r e s s u r e  lo w e r in g  w ould be m u ch  l e s s  p r e c i s e .  H ow ever, d ip o la r  a s s o ­
c ia t io n  of m o s t  m o le c u la r  com pounds w ould  p ro b a b ly  fa l l  in to  th e  ran g e  
0 to  3 ( m o l e / l i t e r )  \  T h e re fo re ,  v a p o r  p r e s s u r e  lo w e r in g  is  s u re ly  
one of the  b e s t  m e th o d s  a v a i la b le  to ob ta in  d ip o la r  a s s o c ia t io n  c o n s ta n ts  
of n o n -v o la t i le  p o la r  so lu te s  in  v o la t i le  so lv en ts  o v e r  a  c o n ce n tra t io n  
r a n g e  of 0,1 to  0. 5 m o l e / l i t e r .  In addition , by w ay  of g e n e r a l  i n f o r m a ­
tion, i t  m a y  be  concluded  th a t  in  co m p le x  e q u i l ib r ia  s tu d ie s  above  0.1 
m o l e / l i t e r  w ith  f a i r ly  p o la r  com pounds (ij> 2D) in  n o n -p o la r  so lv en ts ,  
d ip o la r  a s s o c ia t io n  m u s t  be  tak en  in to  accoun t.
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H y d ra t io n  of N -M e th y l - 2 - P y r r o l id o n e  
I t  h a s  b een  shown th a t  N M P is  e x te n s iv e ly  h y d ra te d  in  nonhy- 
d ro x y lic  so lv en ts .  T h e r e f o r e  in  any  d is t r ib u t io n  of a m id e s  o r  l a c t a m s  
be tw een  w a te r  and  so m e  im m is c ib le  o rg a n ic  so lven t, such  a s  th e  s tudy  
conducted  by M. D av ies  and  H. E. H a llem , the  hydrq^/on of the  a m id e  
in  the  o rg a n ic  p h a se  can  n o t  be n e g le c te d .  In te re s t in g ly ,  i t  h a s  a lso  been  
seen  th a t  th e  p e r c e n ta g e  of h y d ra t io n  of N M P in c r e a s e d  in  th e  o r d e r  c a r ­
bon t e t r a c h l o r id e  < b en zen e  <1, 2 -d ic h lo ro e th a n e  w h ile  the  h y d ra t io n  c o n ­
s tan ts  d e c r e a s e d  in  the  o r d e r  c a rb o n  t e t r a c h lo r id e >  b e n ze n e > l ,  2 -d ic h lo ro -  
e thane . T hus, i t  a p p e a r s  th a t  the  m a s s  ac t io n  e ffec t r e s u l t in g  f r o m  the  
in c r e a s e d  w a te r  so lu b il i ty  i s  m o r e  im p o r ta n t  than  so lva tion  e f fe c ts .
T ab le  XXXII s u m m a r iz e s  the  s e l f - a s s o c i a t io n  and h y d ra t io n  
da ta  fo r  N - m e th y l - 2 - p y r r o l id o n e  and  N, N -d im e th y la c e ta m id e  in  the  th r e e  
so lven ts  s tud ied . The m o n o m e r  rcionohydrate , fo rm a t io n  c o n s ta n ts
a r e  of p a r t i c u l a r  i n t e r e s t  s in ce  th e r e  a r e  two s i t e s  a v a i lab le  fo r  h y d r a -
96tion  in  an  a m id e  g ro u p . G re g o ry  h a s  found m o n o m e r  m o n o h y d ra te
c o n s ta n ts  of 2. 5 and  3. 5 ( m o le / l i t e r )   ̂ in  b en zen e  a t  25°C fo r  t r i  e th y l-
a m in e  and  N, N -d im e th y lc y c lo h ex y la m in e ,  r e s p e c t iv e ly .  On the  o th e r
hand, a  1:1 e q u i l ib r iu m  co n stan t  of 6. 0 ( m o l e / l i t e r )   ̂ w as  found f o r  NM P 
o
in  b enzene  a t  25 C. T h e re fo re ,  i t  m a y  r e a s o n a b ly  be concluded  f ro m  
th e se  da ta  th a t  the  a m id e  n i t ro g e n  i s  no t the  only s i te  h y d ra t in g  in  N M P. 
F u r th e r m o r e ,  b a s e d  on the  d is c u s s io n  in  the  l a s t  two sec t io n s  of C h ap te r  
I, an a m id e  n i t r o g e n  should  have  a  re d u c e d  b a s ic i ty  a s  c o m p a re d  to an
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A ll  c o n s ta n t s  a r e  f o r  th e  f o r m a t i o n  of th e  s p e c i e s  f r o m  t h e i r  r e s p e c t i v e  m o n o m e r s  a n d  a r e  
g iven  in  m o l a r  u n i t s .
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a m in e .  C onsequen tly , i f  the  b a s ic i ty  of th e  a m id e  n i t r o g e n  in  N M P is  
r e d u c ed ,  by, say, o n e -h a lf  f ro m  th a t  of an  a v e r a g e  t e r t i a i y  am in e ,  then  
a  of 6. 0 w ould  m e a n  th a t  th e r e  i s  a 4:1 o r  5:1 s t a t i s t i c a l  p r e f e r e n c e  
f o r  h y d ra t io n  a t  the  c a rb o n y l  oxygen.
A n o th e r  in t e r e s t in g  f e a tu r e  of th e  d a ta  s u m m a r iz e d  in  T ab le  
XXXII, i s  the e ffec t of so lv en t on the  h y d ra t io n  c o n s ta n ts .  F o r  exam ple , 
d e c r e a s e s  by a  f a c to r  of a p p ro x im a te ly  5 in  p a s s in g  f ro m  c a rb o n  
t e t r a c h l o r id e  to 1, 2 -d ic h lo ro e th a n e .  The m o r e  h ig h ly  p o ly m e r iz e d  s p e ­
c ie s ,  h ow ever , show a m u ch  m o r e  p ro n o u n c e d  e ffe c t  and  in d e ed  ^ 2 2  
c r e a s e s  by 8 0 -fo ld  o v e r  the  s a m e  so lven t ra n g e .  L a r g e  re d u c t io n s  su ch  
a s  th is  w ould  s e e m  to o f fe r  s t ro n g  ev idence  that th e  m o r e  c o m p le x  s p e ­
c ie s  a r e  l e s s  fa v o ra b ly  so lv a ted  than  the  m o n o m e r s .  T h e re fo re ,  the  
fo rm a t io n  of h ig h e r  s p e c ie s  " c o s t s "  m o r e  e n e rg y  in  h igh ly  p o la r  so lv en ts .  
T he  f a c t  th a t  the h ig h e r  s p e c ie s  a r e  l e s s  so lv a ted  w ould s e e m  re a s o n a b le  
i f  m o s t  of the  so lv a t io n  e ffec ts  in  th e se  so lv en ts  w e r e  of a d ip o la r  n a tu r e .  
G r e a t e r  so lv a t io n  of th e  lo w e r  s p e c ie s  w ould  then  be due to  the  m o r e  
p o la r  n a tu r e  of th e s e  s p e c ie s .
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